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Preface 


Experience  has  shown  that  landing  gears  are  often  neglected  in  the  early  design  process  of  an  aircraft  because  interest  is 
focussed  mainly  on  flight  performance  aspects.  However,  the  operational  utility  of  an  aircraft  is  strongly  influenced  by  the 
landing  gear.  This  importance  is  not  adequately  reflected  in  the  available  specifications.  In  addition,  operation  from  bomb- 
damaged  and  repaired  runways  is  not  reflected  in  landing  gear  design  requirements. 

AGARD  SMP  decided  to  organize  a  Specialists'  Meeting  on  landing  gear  design  loads  to  provide  a  forum  for  the  exchange  of 
experiences  between  the  NATO  nations  with  the  aim  of  advancing  landing  gear  design  criteria  and  methods  of  landing  gear 
analyses.  The  Meeting  was  to  review  existing  design  practices  and  specifications,  consider  the  various  methods  used  for  load 
measurement  and  data  analysis  and  formulate  guidelines  for  future  design  procedures. 

The  Meeting  was  well  attended  in  terms  of  both  number  and  quality  of  participants  and  was  followed  by  a  general  discussion 
The  summary  of  this  discussion  is  given  at  the  end  of  this  book. 


Preface 


[.‘experience  a  montre  que  les  atterrisseurs  sont  souvent  negliges  dans  la  phase  de  definition  preliminaire  des  avions.  parce  que 
i'interet  se  porte  surtout  sur  les  aspects  de  performances  dc  vol.  Cependam,  I'ulilitc  operationnclle  d'un  avion  est  fortement 
influencee  par  les  specifications  op^rationnelles  des  atUTrisseur*  Cette  importance  n'est  pas  bien  refletee  dans  les  reglemcnts 
disponiblcs.  De  plus,  il  ne  figure  rien  dans  les  reglemcnts  sur  les  operations  a  partir  de  pistes  endommagees  par  bombes  et 
reparees. 

Le  Panel  Structures  et  Matcriaux  de  (AGARD  a  decide  de  tenir  une  reunion  de  specialistcs  sur  les  charges  dc  conception  des 
atterrisseurs  afin  dbffrir  un  forum  a  I'echa.ige  d'expcriences  entre  pays  de  l'OTAN  dans  le  but  dc  faire  progiesser  les  critercs  et 
les  methodes  de  calcul  des  atterrisseurs. 

Cc  Meeting  devait  passer  en  revue  les  methodes  de  conception  et  reglemcnts.  examiner  les  differentes  pratiques  quant  aux 
mesures  de  charges  en  service  ct  formulcr  des  recommandations  sur  le .  procedures  futures  de  conception. 

(  c  Meeting  a  regroupe  une  assistance  nombreuse  et  de  qualite  et  a  etc  suivi  d  une  discussion  generate,  l  a  synthese  dc  cettc 
discussion  est  donnee  a  la  fin  dc  ce  recucil. 
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SUMMARY 


Despite  the  extensive  landing  gear  design  analyses  and  tests  carried  out 
by  the  d^s^gners  and  manufacturers,  and  the  large  number  of  trouble-free  landings 
accumulated  by  the  users,  the  Canadian  Forces,  as  well  as  others,  have  experienced 
a  range  of  problems  or  failures  with  landing  gear  components.  Different  data 
banks  were  surveyed  and  over  200  case  histories  on  more  than  20  aircraft  types 
were  reviewed  in  order  to  assess  trends  in  failure  mechanisms  and  their  causes. 

Fatigue  and  corrosion  were  found  to  be  the  main  mechanisms.  Fatigue 
occurred  mainly  in  steel  components  while  corrosion  occurred  mainly  with  aluminium 
alloy  components  and  wheels.  Very  few  overload  failures  were  noted.  Different 
failure  causes  were  identified.  Design  deficiencies  and  manufacturing  defects 
led  mainly  to  fatigue  failures  while  poor  material  selection  and  improper  field 
maintenance  were  the  principal  origins  of  corrosion  related  failures.  Hence,  a 
series  of  preventive  measures  was  either  recommended  or  re-emphasized.  While 
fatigue  can  best  be  addressed  by  improving  the  quality  of  manufacturing  and  by 
better  characterizing  in-service  and  manufacturing  stresses,  much  work  remains 
to  be  done  on  the  time-dependant  degradation  processes  and  their  synergism  with 
fatigue,  as  corrosion  has  often  been  neglected  in  both  the  design  and  testing 
stages  as  well  as  in  the  maintenance  domain. 

LIST  OF  ACRONYMS 


AA: 

A/C: 

AC A IRS: 
AISI : 

Al: 

AMMIS: 

ASIP: 

CF: 

ENSTAFF: 

FALSTAFF: 

HSS: 

IVD: 

MECSIP: 

NDT : 

SCC : 

TURBISTAN: 

UTS: 


Aluminium  Association 
Aircraft 

Aircraft  Accident/Incident  Reporting  System 
American  Iron  and  Steel  Institute 
Aluminium 

Aircraft  Maintenance  Management  Information  System 
Aircraft  Structural  Integrity  Program 
Canadian  Forces 

Environmental  standard  for  Fatigue  L/aluation 
Fighter  Aircraft  Loading  standard  for  Fatigue  Evaluation 
High  Strength  Steel 
Ion  Vapour  Deposition 

Mechanical  Equipment  and  Sub-Systems  Integrity  Program 
Non-Destructive  Testing 
Stress  Corrosion  Cracking 

Standardized  Fatigue  Test  Loading  Sequence  for  Tactical  Aircraft  Cold 
Section  Engine  Discs 
Ultimate  Tensile  Strength 


1  INTRODUCTION 


Landing  gears  are  designed  to  provide  aircraft  support  and  control  when 
on  the  ground  (steering  and  stopping)  and  to  provide  a  method  of  absorbing  the 
loads  and  ctrc-coc  associated  with  lu»'*dl:'.g  taxiing.  Since  they  are  not  uoed 
in  flight,  landing  gear  components  have  traditionally  been  designed  to  meet  design 
limit  loads  using  high  strength-to-weight  materials  in  order  to  carry  out  their 
functions  with  minimum  weight  and  use  of  space.  From  a  design  viewpoint,  landing 
gear  service  life  is  assumed  to  be  principally  limited  by  fatigue  considerations, 
the  time-dependent  degradation  of  the  materials  being  addressed  only  by  means  of 
prevention. 


Despite  the  extensive  landing  gear  design  analyses  and  tests  carried  out 
by  the  designers  and  manufacturers,  and  the  large  number  of  trouble-free  landings 
accumulated  by  the  users,  the  Canadian  Forces  (CF) ,  as  well  as  others,  have 
experienced  a  range  of  problems  or  failures  with  landing  gear  systems.  This  paper 
provides  an  overview  of  the  structural  component  failures  as  experienced  by  the 


CF  within  the  last  two  decades  on  more  than  20  different  aircraft.  Table  1 
describes  the  fleet  and  provides  information  on  the  number  of  landings,  which 
range  from  200  to  1,200  per  year  per  aircraft;  this  information  is  not  recorded 
for  helicopters. 
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Table  1  -  CF  Aircraft  Data 

Following  a  brief  review  of  landing  gear  design  principles  and  material 
selection,  the  results  of  a  variety  of  data  bank  surveys  performed  in  order  to 
assess  trends  in  fail  •.•re  mechanisms  and  their  causes  will  be  reviewed  and 
illustrated  by  a  number  of  failure  case  histories.  The  findings  *  !  1 '  b: 
in  terms  of  current  design  concepts  and  maintenance  practices  to  provide 
guidelines  so  that  preventive  or  corrective  measures  can  be  developed  and 
implemented  during  the  life  cycle  management  of  the  components  and  also  provide 
guidance  for  future  designs. 

2  DESIGN  CONSIDERATIONS 

As  mentioned,  landing  gears  are  designed  to  provide  a  method  of  absorbing 
the  loads  associated  with  landing  and  taxiing  and  to  provide  support  and  control 
of  the  aircraft  on  the  ground  for  its  life.  In  addition  to  their  specific  design 
requirements,  landing  gears  create  other  challenges  for  their  integration  in  the 
airframe:  they  necessitate  openings  in  stressed  components  (e.g.  skins)  and 

strong  attachment  points  in  fracture  critical  parts  of  the  structure  (e.g.  frames, 
longerons, . . . )  . 

In  order  to  absorb  the  landing  loads,  the  landing  gears  are  usually 
designed  so  tnat  they  can  sustain  specified  sink  speeds  at  landplane  landing 
weight  and  at  maximum  landing  weight  without  structural  damage;  typical  values 
have  been  3.05  and  1.83  meters/second  (10  and  6  feet/second)  respectively  [1]. 
Once  the  airworthiness  requirements  for  impact  resistance  have  been  demonstrated 
through  drop  testing,  static  strength  tests  are  carried  out  to  show  that  strength 
margins  exist  for  all  critical  design  cases.  The  safe-life  design  analyses  are 
then  validated  by  full  scale  fatigue  tests  simulating  the  loads  associated  with 
landing  and  taxiing.  These  tests,  which  are  not  standardized,  may  take  a  few 
years  to  be  completed  to  take  into  account  the  large  safety  margin  which  is  part 
of  this  design  approach?  often  they  are  still  in  progress  when  aircraft  production 
starts.  In  practice,  the  life  of  landing  gear  components  : s  controlled  by  fatigue 
as  'til  aii  corrosion.  Both  degradation  mechanisms  are  being  considered 
separately,  the  former  through  durability  analysis  and  testing,  and  the  latter 
by  means  of  its  prevention  through  the  use  of  protective  coatings  and  appropriate 
maintenance  (2,  3]. 

Landing  gears  use  valuable  space  and  cause  a  severe  weight  penalty,  making 
up  approximately  3%  of  the  total  weight  for  transport  aircraft  and  as  much  as  20% 
for  those  which  are  carrier  based.  Therefore,  landing  gears  are  usually  designed 
to  meet  design  limit  loads  using  materials  with  high  specific  strengths.  High 


strength  aluminium  alloys  and  steels  have  most  commonly  been  selected,  with 
magnesium  and  tLta>.i.uui  alloys  used  for  special  applications  only.  The 
requirements  for  high  strength  led  to  the  widespread  use  of  aluminium  alloys  from 
the  7  xxx  series  heat  treated  to  the  peak  strength  T6  temper  for  structural 
components  and  2014-T6  to*"  wheels.  A  variety  of  high  strength  low  alloy  steels 
which  could  easily  be  heat  treated  to  strength  levels  in  of  14no  Mia 

(200  ksi )  and  up  to  1930  MPa  (280  ksi),  were  selected.  AISI  4340  has  been 
commonly  specified  and  300M  selected  more  recently. 

The  current  trend  is  to  take  a  more  balanced  view  in  material  selection 
considering,  in  addition  to  high  strength,  improved  fracture  toughness  and 
corrosion/stress  corrosion  cracking  (SCC)  resistance.  The  fracture  toughness 
requirements  are  becoming  more  stringent.  The  US  Navy  now  requires  that  landing 
gear  steels  have  a  fracture  toughness  in  excess  of  liO  (101  ksiVTn;  [  4  '  . 

On  the  other  hand,  the  SCC  problems  are  being  addressed  by  selecting  the  overaged 
T73  temper  for  the  newer  7xxx  aluminium  alloys,  by  better  character i z ing  materials 
with  respect  to  their  service  environments  and  by  using  improved  protective 
co a t i ngs . 

3  SURVEY  OP  CANADIAN  FORCES  LANDING  GEAR  PAILURE8 

The  CF  have  experienced  many  landing  gear  structural  failures.  Only  by 
a  proper  understanding  of  the  failure  mechanism::  and  their  causes  can  appropriate 
corrective  action  be  taken.  In  order  to  obtain  statistical  and  detailed 
information  on  landing  gear  failures,  the  following  data  banks  were  surveyed: 

a.  AMMIS:  The  Aircraft  Maintenance  Management  Information  System  records 
all  in-service  maintenance  actions  per  system,  sub-system  and 
individual  components  for  all  aircraft.  It  was  surveyed  to  eiuvide 
data  on  landing  gear  failures  during  the  last  five  years  for  cargo, 
fighter  and  trainer  aircraft. 

b.  ACAIRS:  The  Aircraft  Accident/Incident  Reporting  System  records  ax. 
flight  safety  related  accidents/incidents .  It  was  surveyed  to  provide 
data  on  landing  gear  failures  during  the  last  10  years  per  aircraft 
type  (cargo,  fighter,  patrol,  trainer  and  helicopter). 

c.  » allure  Analysis  Reports:  The  more  than  200  landing  gear  failures  on 
all  aircraft  investigated  by  the  Quality  Engineering  Test  Establishment 
over  the  last  23  years  were  reviewed.  These  reports  were  the  only 
source  of  detailed  information  about  mechanisms  and  causes. 

3.1  Maintenance  Reporting  System  -  AMMIS 

Only  limited  use  of  this  system  couiu  oe  'itf-aur?  it  orovided  qeneral 

information  without  indication  of  cause  or  mechanism  of  failures,  except  that 
corrosion  and  cracking  were  used  as  generic  terras  to  describe  a  failure. 

The  distribution  of  aircraft  system  failures  (Fig.  1)  and  the  distribution 
of  those  that  resulted  in  a  flight  safety  accident/ incident  (Fig.  2)  indicated 
that  landing  gears  are  generally  the  second  most  important  area  of  failure  after 
engines.  Furthermore,  it  appeared  that  there  was  more  chance  that  a  failure  in 
landing  gear  systems  resulted  in  a  flight  safety  accident/ incident ,  thereby 
indicating  their  criticality.  No  overload  failures  were  reported  for  any  of  the 
hard  landings  recorded. 


Fig.  1. 


Distribution  cf  system  failures  by  aircraft  type. 


iq.  2.  Distribution  of  system  failures  resulting  in  a  flight  acc  ident/  i  nci  dent 
by  aircraft  type. 


Flight  Safety  Incident  Report  System  -  ACAIRS 


luis  data  oank  was  more  precise  than  AMMIS  because  the  description  of  th< 
allures  permitted  identification  of  their  causes  in  a  number  of  cases,  but  there 
ere  no  indications  as  to  the  failure  mechanisms. 


The  distribution  of  landing  gear  structural  component  failures  result m. 
n  a  flight  safety  accident/ incident  per  aircraft  type  indicated  that  helicopters, 
ol lowed  by  fighter  and  cargo  (or  transport)  aircraft  had  the  largest  number  of 
allures  even  though  they  did  not  necessarily  represent  the  largest  proportio: 
‘  landings  (Fig.  3).  In  order  to  normalize  the  results,  the  number  of  failure, 
or  million  landings  was  calculated  for  each  aircraft  type  and  displayed  sr 
ig.  *; .  Trainer  aircraft  showed  the  smallest  figure  although  they  sustain 
argor  number  of  hard  landings  due  to  pilot  inexperience. 


iq.  5.  Proportion  of  landing  gear  structural  failures  by  aircraft  type. 


ig.  4. 


Number  of  landing  gear  structural  failures  resulting  in  a  flight  safety 
accident/ incident  per  million  landings  by  aircraft  type. 


The  distribution  of  structure  related  acc ident/ inc ident  causes  per  mi 1 1  ion 
landings  for  each  aircraft  type  (Fig.  5)  showed  that,  although  many  of  the 
mwiucuLs  could  not  be  attributed  to  any  particular  cause  due  to  the  lack  of 
information,  some  general  observations  could  be  made.  Maintenance  related 
failures  were  relatively  important  for  each  cateqory  of  aircraft: 
accidents/ incidents  resulting  from  abnormal  landings  occurred  mainly  on  patroi 
and  fighter  aircraft;  and  accidents/incidents  resulting  from  towing  operations 
were  more  important  on  trainer  aircraft. 


Fig.  5.  Distribution  of  structure  related  accident/ incident  causes  per  million 
landings  for  each  aircraft  type. 

3.3  Failure  Analysis  Reports 

The  results  of  the  review  and  statistical  analysis  of  more  than  200 
failures  investigated  by  Quality  Engineering  Test  Establishment  will  be  presented 
in  this  section  following  the  description  of  typical  landing  gear  failure  case 
histories. 

3.3.1  Main  landing  gear  cylinder  of  a  fighter  aircraft 

Following  a  landing,  the  main  landing  gear  shock  strut  was  found  deflated 
and  fractured  from  top  to  bottom  (Fig.  6a).  This  was  the  first  and  most  dramatic 
manifestation  of  a  subsequently  widespread  problem.  The  strut  housings  were 
forged  from  aluminium  alloy  7079,  heat  treated  to  the  T6  temper,  shot  peened  and 
sulphuric  acid  anodized. 

The  fracture  surface  was  flat,  normal  to  the  cylinder  wall  and  coincided 
with  the  forging  flash  line.  The  failure  of  the  part  resulted  from  the  presence 
of  a  nearly  semicircular  stress  corrosion  crack  about  12  mm  (0.5  in)  in  radius 
and  centred  in  the  eye-bolt  bore  surface  (Fig.  6b)  .  Its  surface  was  only  slightly 
damaged  and  did  not  show  signs  of  corrosion  pitting.  Service  loads  were 
transmitted  from  the  eye-bolt  to  the  strut  through  press  fit  beryllium  copper 
bushings  which  had  been  lubricated  by  a  molybdenum  disulphide  type  of  grease. 

The  SCO  failures  occurred  in  parts  made  from  a  material  now  well  known  for 
its  severe  susceptibility  to  SCO.  In  this  particular  case,  contributing  factors 
were  exposure  of  the  end  grains  in  the  hole  and  possibly  a  galvanic  couple  between 
the  aluminium  forging  and  the  beryllium  copper  bushings  in  the  presence  of  an 
electrolyte  formed  by  the  grease  contaminated  with  water.  Hew  parts  were 
manufactured  using  aluminium  alloy  7049  and  heat  treated  to  the  T73  temper  showing 
improved  SCO  resistance.  The  bushings  are  now  cadmium  plated  on  their  outer 
surfaces  and  a  multipurpose  grease  is  used. 

3.3.2  Mein  lending  gear  axle  of  a  transport  aircraft 

During  a  training  flight  landing,  one  of  the  axles  of  tie  main  landing 
gear  of  a  light  transport  aircraft  fractured  in  a  complex  helical  manner  around 
the  lock  pin  hole  at  the  bottom  centre  of  the  axle  (Figs  7a  and  b) .  The  0.755  m 
long  axle  was  made  from  AISI  Hll  tool  steel  tube  and  heat  treated  to  an  ultimate 
tensile  strength  (UTS)  in  the  1650-1790  MPa  (240-260  ksi)  range  except  for  the 
ends  which  were  in  the  1240-1380  MPa  (180-200  ksi)  range.  The  outside  surface 
was  chromium  plated  to  a  thickness  of  0.05  to  0.075  mm  (0.002  to  0.003  in)  and 
the  lock  pin  hole  flash  chromium  plated  to  a  thickness  of  0.0075  to  0.0125  mm 
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(0.0003  to  0.0005  in).  The  inside  surface  was  coated  with  a  corrosion  preventive 
compound  to  MIL-C-16173  f'-rade  1  specification. 


Fig.  6.  a:  Failed  shock  strut  assembly:  (A)  indicates  the  eye-bolt  with  beryllium 
copper  bushing  and  (B)  the  eye-bolt  region  on  the  strut  housing, 
b:  The  dotted  line  indicates  the  extent  of  the  stress  corrosion  crack 
at  the  origin  of  the  failure. 


Fig.  7.  a:  Fractured  axle  half  attached  to  one  of  the  wheels. 

b:  Matching  half,  fracture  started  at  the  lock  pin  hole  and  propagated 
as  indicated  by  the  arrows. 

c:  Fracture  surface  in  the  vicinity  of  a  corrosion  pit  in  the  lock  pin 
hole,  the  arrow  points  to  the  location  of  the  fatigue  crack  shown 
below  (x40) . 

d:  The  dotted  line  outlines  the  extent  of  the  fatigue  crack  (x  150) . 


Detailed  examination  of  the  broken  axle  revealed  that  the  final  fracture 
process  had  originated  at  a  very  small  fatigue  crack,  0.5  mm  (0.020  in)  long  by 
0.1  mm  (0.004  in)  deep  spanning  about  half  the  width  of  a  small  and  relatively 
shallow  corrosion  pit  (Figs  7c  and  d) .  Other  pits  were  present  around  the  hole 
and  they  likely  resulted  from  the  ingress  and  accumulation  of  moisture  at  the  axle 
locating  hole  and  pin  joint. 

Fracture  mechanics  modelling  showed  that,  because  of  the  high  operational 
stresses  and  poor  damage  tolerance  properties  of  Hll  steel  with  a  mean  room 
temperature  fracture  toughness  around  37  MPa-fiff  (34  ksiVIn)  at  the  part  strength 
level,  very  small  crack-like  discontinuities  including  corrosion  pits,  that  cannot 
be  reliably  inspected,  could  cause  catastrophic  failure  of  the  axle  during  normal 
operation.  The  criticality  of  these  crack-like  discontinuities  is  further 
aggravated  by  cold  temperatures:  a  10%  reduction  in  room  temperature  toughness 
is  expected  at  40*F  (5*0)  and  a  25%  reduction  at  -40*F  (-40*C)  [5]. 

Replacement  parts  are  being  designed  to  provide  larger  margins  of  safety 
under  ultimate  and  limit  load  conditions  and  infinite  fatigue  life  using  300M 
steel  heat  treated  to  a  UTS  in  the  1860-2070  MPa  (270-300  ksi)  range;  the 
corresponding  mean  room  temperature  fracture  toughness,  60  MPa^m  (55  ksiVTn)  , 
would  be  slightly  higher  than  that  of  the  original  material.  Proper  maintena  ice 
is  imperative  with  this  material  to  avoid  situations  where  corrosion  or  SCC  c juld 
occur.  This  will  be  discussed  later  in  more  detail. 

3.3.3  Axle,  crank  lever  and  other  components  of  fighter  aircraft  main  landing 

gear 

A  main  landing  y  \r  axle  of  a  fighter  aircraft  failed  catastrophically 
upon  landing  when  the  hub  locating  the  axle  in  the  hydraulic  tube  fractured 
circumferentially  (Figs  8a  and  b' .  This  failure  damaged  the  aircraft  but  could 
have  been  more  serious  as  it  occurred  on  formation  landing  and  the  lead  aircraft 
ditched  off  the  runway  following  the  failure.  The  axle  assembly  was  made  from 
300M  steel  heat  treated  to  a  UTS  in  the  1800-1930  MPa  (260-280  ksi)  range.  The 
part  was  shot  peened.  The  outer  contact  surfaces  were  chromium  plated,  whiie  the 
non-contact  ones  were  coated  with  ion  vapour  deposited  (IVD)  aluminium.  The 
inside  of  the  hub,  which  had  a  polygon  shape  to  accommodate  a  crank  lever,  was 
coated  with  electroless  nickel. 

The  failure  sequence  was  established.  Flaking  and  cracking  damage  to  the 
electroless  nickel  by  the  crank  lever  led  to  corrosion  pitting  of  the  exposed 
steel  (Fig.  8c).  A  stress  corrosion  crack  initiated  at  one  of  the  pits  and  grew 
radially  and  longitudinally  in  the  hub  (Fig.  8c)  .  When  the  crack  had  reached  the 
critical  size,  13  mm  (0.5  in)  long  by  6  mm  (0.25  in)  deep,  fast  rupture  occurred 
until  the  longitudinal  crack  stopped  due  to  reduced  stresses.  Cracking  resumed 
intergranularly,  likely  again  by  SCC,  it  mainly  in  a  circumferential  direction 
because  of  the  different  orientation  of  the  principal  tensile  stress  there, 
leading  to  catastrophic  failure  when  it  had  reached  a  critical  length  of  about 
40  mm  (1.57  in) . 

The  crank  lever  of  a  similar  aircraft  was  found  with  a  75  mm  (2.95  in) 
long  crack  (Fig.  9).  This  part  was  also  made  from  300M  steel,  heat  treated  to 
a  UTS  in  the  1930-2000  MPa  (280-290  ksi)  range  and  shot  peened.  The  bearing 
surfaces  were  chromium  plated  and  the  non-bearing  surfaces  were  IVD  aluminium 
coated.  A  stress  corrosion  crack  had  initiated  at  one  of  many  small  corrosion 
pits  in  the  radius  where  most  of  the  IVD  aluminium  had  disappeared  from  corrosion 
or  occasional  poor  adhesion  had  left  the  steel  unprotected  (Fig.  9) . 

Many  of  the  other  landing  gear  components  suffered  from  minor  corrosion, 
usually  in  the  form  of  degradation  of  the  IVD  aluminium  coating,  to  more  severe 
corrosion  such  as  in  the  shock  pins  made  from  300M  steel  with  a  UTS  in  the  1930- 
2070  MPa  (280-300  ksi)  range.  The  steel  had  started  to  corrode  in  areas  where 
the  chromium  plating  had  cracked,  likely  from  impact  loads,  and  flaked  away  (Fig. 
10) .  To  prevent  this  type  of  damage  and  failure  by  SCC  which  was  reported  by 
another  user,  the  shock  pin  was  redesigned  using  a  precipitation  hardening 
PH  13-8  Mo  stainless  steel  in  the  H1000  condition  with  a  UTS  around  1480  MPa 
(215  ksi),  thus  accepting  a  weight  penalty. 

These  failures  were  promoted  by  a  number  of  factors:  poor  seal  design 
between  the  axle  and  the  lever  assembly  which  did  not  prevent  water  ingress,  lack 
of  sufficient  lubrication  points,  and  inherent  low  resistance  to  SCC  of  300M  steel 
in  aqueous  environments.  The  water/soap  solution  used  under  high  pressure  to  wash 
the  aircraft  could  also  have  contributed  to  corrosion  by  removing  lubricant  or 
filtering  into  sealed  assemblies. 

The  main  corrective  steps  taken  have  been  to  minimize  water  ingress  by 
improving  the  seals,  to  use  gentler  washing  procedures,  to  install  lubrication 
points  for  periodic  filling  of  the  hub  cavity  with  grease  and  to  redesign  parts. 


3.3.4  Main  landing  gear  truck  beam  of  a  large  transport  aircraft 

A  main  landing  gear  truck  beam  from  a  large  transport  aircraft  fractured 
on  the  ground  just  after  refuelling  as  a  result  of  circumferential  crack  located 
about  0.14  m  (5.5  in)  forward  of  the  oleo  attachment  point  (Fig.  11a).  The  part 
was  made  from  4340  steel  heat  treated  to  a  UTS  in  the  1800-1930  MPa  (260-280  ksi) 
range.  The  part  had  been  treated  with  a  manganese  phosphate,  primed  and  painted 
on  both  inner  and  outer  surfaces.  No  sacrificial  coating,  such  as  cadmium,  had 
been  applied  to  minimize  the  occurrence  of  hydrogen  embrittlement.  A  corrosion 
preventive  compound  {MIL-C-16173  Grade  1}  was  also  applied  to  newly  manufactured 
parts  for  additional  protection. 

Visual  and  microscopic  examination  of  the  fracture  surface  revealed  that 
final  failure  had  emanated  from  a  small,  nearly  semicircular  shaped  area  (12  mm 
long  by  8  mm  deep)  (0.47  by  0.31  in)  with  intergranular  features,  most  likely  a 
manifestation  of  SCC  (Figs  lib  and  c)  .  The  transition  from  intergranular  to 
overload  was  abrupt.  The  stress  corrosion  crack  had  initiated  at  a  corrosion  pit 
which,  at  the  time  of  failure,  was  quite  broad  but  shallow  (10  mm  by  6  mm  by 
0.3  mm  deep)  (0.39  by  0.24  by  0.01  in)  (Fig.  11c).  Extensive  corrosion  in  the 
form  of  shallow  pits  was  observed  in  the  forward  portion  of  the  beam  in  the 
vicinity  of  the  fracture  and  particularly  in  an  area  at  the  inside  top  of  the  beam 
(Fig.  lib). 


A  fracture  mechanics  analysis  of  the  failure  was  carried  out.  it 
confirmed  that  the  actual  stress  corrosion  crack  corresponded  to  the  theoretical 
critical  crack  size  for  the  situation  and  that  the  stress  intensity  ahead  of  the 
corrosion  pit,  assuming  that  it  behaved  as  a  crack,  corresponded  to  the  K**  value 
given  in  the  literature:  20  MPa^m*  (18  ksi^Tn)  .  It  also  established  that  the 
critical  crack  size,  assuming  "worst  case"  design  conditions  (ground  turn  flat) 
would  be  about  3.2  mm  (0.13  in)  long  by  1.6  mm  (0.06  in)  deep  and  located  90 "from 
the  bottom  of  the  beam.  However  it  is  less  likely  that  a  stress  corrosion  crack 
would  grow  in  that  location.  Limited  data  on  stress  corrosion  crack  growth  for 
4340  steel  suggested  that  crack  growth  from  a  crack  the  depth  of  the  corrosion 
pit  could  have  occurred  quite  rapidly  under  full  load  conditions.  These  factors 
indicate  that  the  part  was  not  designed  for  damage  tolerance. 
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To  prevent  a  recurrence,  the  emphasis  should  therefore  be  placed  on 
preventing  or  detecting  and  repairing  any  breaks  in  the  protective  coating.  The 
manufacturer  has  addressed  the  widespread  corrosion  problem  by  recommending  the 
reapplication  of  corrosion  inhibitors  at  least  annually  or  as  part  of  the  wash 
cycle.  In  this  particular  case,  this  measure  had  not  yet  been  implemented  and 
the  aft  of  the  beam  was  sealed  by  an  "uncalled  for"  plug  which  prevented  drainage 
and  drying  out  of  the  inside  of  the  beam.  Also,  since  the  phenomena  of  corrosion 
and  SCO  are  not  dependent  on  flying  time,  this  criterion  should  not  be  used  as 
the  basis  for  inspection  or  maintenance  intervals. 

3.3.5  Nose-landing  gear  cylinder  of  a  large  transport  aircraft 

The  nose-landing  gear  outer  cylinder  of  a  large  transport  aircraft  failed 
catastrophically  while  landing  (Fig.  12a).  The  part  was  machined  from  a  7079 
aluminium  alloy  forging  and  heat  treated  to  the  T6  temper.  It  was  shot  peened 
and  anodized.  At  a  later  stage,  an  interference  fit  steel  sleeve  was  installed 
♦“o  line  the  inside  of  the  bore. 

The  fracture  at  the  top  of  the  cylinder  bore  could  visually  be  determined 
to  have  originated  at  a  narrow  fatigue  band  (2.5  mm  (0.10  in)  maximum  depth  by 
70*  arc)  which  had  initiated  at  the  inside  radius  at  the  top  of  the  bore  and  was 
centered  on  the  forward  side.  The  fatigue  zone  consisted  of  a  2  mm  (0.08  in)  deep 
fatigue  band  followed  by  a  narrow  region  of  rapid  crack  extension  and  a  very 
narrow  fatigue  band  (Fig.  12b) .  The  cylinder  also  contained  a  longitudinal  crack 
through  its  wall  0.65  m  (25.6  in)  long  from  the  bottom.  That  crack  had  propagated 
from  a  35  mm  (1.38  in)  long  elliptically  shaped  stress  corrosion  crack  (Fig.  12c) 
which,  along  with  some  smaller  ones,  had  initiated  at  the  interface  between  the 
7079  alloy  and  a  flame  sprayed  aluminium-silicon  coating  which  exhibited  poor 
adhesion  in  some  areas.  Thg  stress  corrosion  crack  was  about  40’  away  from  the 
forging  flash  line. 


Fig.  12.  a:  The  nose  landing  gear 
cylinder  fracture  originated 
at  a  fatigue  crack  in  the 
bore  radius.  The  arrow 
points  to  the  0.65  m  (25.6 
in)  long  longitudinal  crack. 

b :  Fatigue  crack  (2.5  mm 
(0.10  in)  maximum  depth  by 
70*  arc)  initiated  at  the 
inside  radius  at  the  top  of 
the  bore. 

c:The  elliptical  stress 
corrosion  crack,  at  the 
origin  of  the  longitudinal 
crack,  initiated  at  the 
interface  between  the 
aluminium  alloy  and  a  flame 
sprayed  coating. 
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Similar  problems  had  been  reported  by  the  part  manufacturer  which 
attributed  fatigue  cracking  to  a  too  sharp  radius  at  the  top  of  the  bore.  In 
the  present  case  the  radius  exceeded  the  minimum  allowable  dimensions  required. 
Because  evidence  of  SCC  was  found  by  non-destructive  testing  on  all  other 
cylinders  in  service,  they  were  replaced  with  new  ones  made  of  7049-T73  aluminium 
alloy.  Changing  the  material  will  improve  the  SCC  resistance  properties 
significantly  but  not  the  fatigue  properties  to  the  same  degree.  In  this  respect, 
not  much  will  be  gained  unless  stress  corrosion  crack  contributed  significantly 
to  the  fatigue  cracking. 

3.3.6  Hose  landing  gear  cylinder  of  a  light  transport  airoraft 

The  trunnion  area  of  the  nose  landing  gear  cylinder  of  a  light  transport 
aircraft  fractured  in  a  number  of  cases  due  to  shimmying.  In  another  instance, 
a  long  crack  was  observed  in  the  trunnion  area  (Fig.  13a) .  The  cylinder  was  made 
from  2014  aluminium  alloy  and  heat  treated  to  the  T6  temper. 

The  0.34  m  (13.4  in)  long  crack  had  emanated  from  a  small  fatigue  crack 
32  mm  (1.26  in)  long  by  2  mm  (0.08  in)  deep  located  in  the  trunnion  radius  (Fig. 
13b).  There  was  some  evidence  of  fretting  which  could  have  facilitated  fatigue 
initiation.  Liquid  penetrant  inspection  revealed  an  additional  small  crack 
diametrically  opposite  to  the  other  one  indicating  reversed  bending  conditions 
on  the  trunnion  where  an  assembly  arm,  linking  the  end  of  the  steering  actuator 
and  the  upper  torque  arm,  fitted.  The  analysis  of  the  failure  showed  that  the 
crack  size  was  critical  for  normal  operating  condition  loads  and  that  the  trunnion 
area  was  underdesigned  to  carry  the  actuator  limit  load  without  local  yielding. 
There  were  also  some  doubts  that  the  ultimate  design  load  was  in  fact  the  worst 
load  case. 

Modification  to  the  actuator  and  redesign  of  the  trunnion  area  by  adding 
a  reinforcement  to  the  assembly  arm  to  distribute  the  loads  around  the  main 
cylinder  eliminated  further  cracking  and  shimmying  occurrences. 


Fig.  13.  a:  The  0.34  m  (13.4  in)  long  crack  emanated  from  a  fatigue  crack  in  the 
trunnion  radius. 

b:  32  mm  (1.26  in)  long  and  2  mm  (0.08  in)  deep  critical  fatigue  crack. 


3.3.7  Wheels 

Over  the  years,  a  large  number  of  wheels  on  all  aircraft  types  have  been 
found  cracked  and  a  few  have  failed  catastrophically  (Fig.  14a  ).  The  cracks  have 
been  discovered  as  a  result  of  deflated  tires  and  by  NDT  inspection.  These 
failures  occurred  after  a  few  years  in  service  for  some  and  much  longer  for 
others.  Some  of  these  wheels  were  made  from  magnesium  alloys;  all  the  others 
were  forged  from  2014  aluminium  alloy,  heat  treated  to  the  T6  temper,  sulphuric 
acid  anodized,  and  painted. 

Many  of  these  failures  could  be  traced  to  corrosion  pitting  on  the  weather 
side  of  the  wheels.  Some  of  the  pitting  was  promoted  by  fretting  from  parts  such 
as  heat  shields  which  damaged  the  protective  coatings.  These  pits,  sometimes  as 
small  as  0.2  mm  (0.008  in),  were  followed  by  intergranular  cracking  and  then  by 
fatigue  (Fig.  14b  to  d) .  A  number  of  other  fatigue  failures  initiated  on  the 
inside,  mainly  in  the  tire  bead  seat  area,  again  at  pits  although  corrosion  was 
less  severe.  In  a  few  cases,  manufacturing  defects  such  as  forging  laps  in  the 
aluminium  alloy  wheels  and  porosity  in  the  cast  magnesium  alloy  wheels  were  at 
the  origin  of  fatigue  cracking. 


Fig. 


14.  a:  Catastrophic  wheel  failure  from  a  0.14  m  (5.5  in)  long  fatigue  crack 
which  had  initiated  on  the  weather  side, 
b:  The  arrows  point  to  corrosion  pits  at  the  origin  of  a  fatigue  crack 
<x5). 

c:  Pitting  followed  by  intergranular  cracking,  the  dotted  line  marking 
its  extent,  and  then  fatigue  (x40). 
d.  Transition  from  intergranular  to  fatigue  cracking  (x650) . 


Often  wheels  are  lifed  at  the  design  stage  in  terms  of  roll  distances. 
In  practice,  at  least  within  the  CF,  wheels  are  not  considered  lifed,  but  rather 
are  kept  in  service  as  long  as  possible  and  inspected  periodically.  In  such  a 
situation,  proper  maintenance  to  assure  the  integrity  of  the  protective  coatings, 
to  remove  corrosion  and  to  reprotect  the  part  becomes  very  important. 

Cracking  of  a  forged  2014-T6  aluminium  alloy  main  landing  gear  wheel  of 
a  patrol  aircraft  has  been  a  recurring  problem.  Fatigue  cracking  initiated  all 
around  the  wheel  hub  bearing  radius  and  propagated  inwards  (Fig.  15a  to  c) .  Both 
the  design  of  the  wheels  and  their  maintenance  contributed  to  these  failures. 
Improper  axle  nut  torquing  procedures  induced  higher  stresses  than  those  for 
which  the  hub  was  designed,  resulting  in  premature  failure.  Even  when  properly 
installed,  the  life  of  the  wheels  was  short  because  the  service  loads  were  quite 
different  than  those  used  for  the  design.  These  wheels  ended  up  being  redesigned 
using  a  more  realistic  service  roll  spectrum  and  strengthened  in  the  critical 
area. 
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3.3.8  statistical  Analysis 

The  failure  mechanisms  used  in  this  analysis  were  defined  as  one  or  a 
combination  of  the  following: 

a.  overload 

b.  fatigue 

c.  pitting 

d.  stress  corrosion  cracking  (including  hydrogen  embrittlement) 

e.  wear  (including  fretting) 

f.  false  call,  either  an  indication  of  a  defect  when  in  reality  there  was 
none,  or  an  indication  of  a  defect  that  could  be  tolerated  and  was 
usually  inherent  in  the  manufacturing  process  such  as  porosity  in  a 
casting,  or  flash  line  in  a  forging. 

The  following  categories  were  used  to  classify  the  failure  causes: 

a.  Design:  obvious  design  deficiency  (e.g.  sharp  corner)  ,  wrong  assumption 
in  the  analysis  (e.g.  loads) 

b.  Material  selection:  an  alloy  which  displayed  a  deficiency  in  one  of 
its  properties  and  should  not  have  been  used  for  such  applications 

c.  Manufacturing:  defects  incurred  during  the  process  such  as  inclusions, 
forging  laps,  improper  heat  treatment,  quench  cracks,  machining  marks, 
grinding  cracks,  poor  coatings,  or  hydrogen  embrittlement 

d.  Field  maintenance:  inadequacies  in  the  field  such  as  shop  malpractice, 
or  procedures  which  were  not  followed 

e.  Maintenance  directives:  lack  of  proper  instructions  leading  to  a 

failure  (e.g.  corrosion  preventive  measures  which  were  not  addressed) 

f.  Abnormal  landing. 
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About  10%  of  all  components  investigated  were  in  the  false  call  category 
mainly  because  of  forging  laps  and  porosity  in  castings.  Those  remaining  were 
equally  split  between  those  which  were  found  damaged  or  cracked  and  those  which 
failed  catastrophically.  The  distribution  of  these  components  by  material  types 
showed  that  slightly  more  than  50%  were  made  of  aluminium  alloys ,  mainly  201*  and 
7xxx  series  alloys,  but  also  2024,  356.0  and  295.0.  About  40%  were  made  of 
steels,  4340  and  300M  being  the  most  common,  the  other  high  strength  steel  (HSS) 
being  4130,  8630,  8740,  9620,  Hll.  The  remaining  were  magnesium  alloys  (Fig.  16} . 


Fig.  16.  Distribution  of  landing  gear  materials  investigated. 

The  distribution  of  the  mechanisms  at  the  origin  of  the  failures  indicated 
that  fatigue  (42%)  and  corrosion  (35%)  were  the  most  significant  of  the  cases 
(Fig.  17)  .  Within  corrosion,  pitting  or  pitting  as  the  precursor  to  other  failure 
mechanisms  was  a  major  source  of  problems.  Comparing  wheels  and  the  other 
structural  components,  corrosion,  mainly  in  the  form  of  pitting,  predominated  in 
wheels,  while  fatigue  was  more  prominent  in  the  other  structural  components 
(Fig.  18). 
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Fig.  22.  Failure  cause  distribution. 

The  distribution  of  failure  causes  for  steels,  aluminium  and  magnesium 
alloys  in  general  and  for  each  statistically  significant  alloy  type  (Figs  23  to 
25)  indicated  that: 

a.  Manufacturing  defects  were  the  most  important  failure  cause  for  all 
steels  in  general.  This  figure  also  applies  to  300M  where  poor 
performance  and  adhesion  of  coatings  which  wore  at  the  origin  of  many 
failures,  were  also  considered  to  be  a  manufacturing  problem.  Field 
maintenance  practices  appear  to  be  a  very  significant  cause  for  the 
other  high  strength  steels 

b.  Design  deficiencies  and  field  maintenance  practices  were  the  most 
significant  failure  causes  for  aluminium  alloys  in  general,  as  well  as 
for  2014  and  7075  alloys  in  particular,  but  not  for  the  7079  alloy 
where  poor  alloy  selection  was  considered  to  be  the  prime  cause 

c.  Material  selection  and  manufacturing  defects  were  the  most  important 
failure  causes  for  the  magnesium  alloys 
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Fig.  23. 


Failure  cause  distribution  for  steel  components  by  alloy  type. 


Fiq.  *.'4.  Failure  cause  distribution  for  aluminium  components  by  alloy  type. 


Fiq.  *5.  Failure  cause  distribution  for  magnesium  components. 

The  following  observations  were  made  from  the  distribution  of  failure 
causes  for  each  particular  failure  mechanism  (Fig.  26) : 

a.  Fatigue  resulted  mainly  from  manufacturing  defects  or  design 
def iciencies,  as  either  can  promote  crack  initiation 

b.  Pitting  had  many  causes,  principally  poor  material  selection  and 
inadequate  maintenance  practices  in  the  field 

c.  SCC,  a  characteristic  response  of  a  material  with  a  <jive»  environment, 
was  mainly  attributed  to  a  poor  selection  of  material 

Similar  conclusions  vers  reached  when  the  distribution  of  failure 
mechanisms  resulting  from  the  different  failure  causes  was  analyzed  (Fig.  27), 
design  deficiencies  and  manufacturing  defects  leading  to  fatigue,  and  poor 
material  selection  and  improper  field  maintenance  leading  to  corrosion. 
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Fig.  26.  Distribution  of  failure  causes  by  failure  mechanism. 


Fig.  27.  Distribution  of  failure  mechanisms  by  cause  of  failure. 

4  DISCUSSION 

The  large  percentage  of  aircraft  maintenance  activities  on  landing  gears 
and  associated  high  costs  plus  the  criticality  of  these  components  from  an 
airworthiness  point  of  view  indicate  that  efforts  devoted  to  increase  the 
structural  integrity  of  these  systems  are  well  justified.  These  efforts  should 
apply  not  only  to  the  design  stages  and  in  the  selection  of  materials,  but  also 
to  proper  manufacturing  and  in-service  maintenance,  as  shortcomings  in  these  areas 
contributed  significantly  to  failures.  Although  somehow  interrelated,  each  area 
will  be  considered  in  turn  to  see  how  improvements  can  be  made  in  light  of  the 
bindings  presented  in  the  survey. 

4.1  Design 

In  our  experience,  landing  gears  have  been  quite  successful  in  absorbing 
the  loads  associated  with  landings  as  hard  landings  have  not  been  causal  in  the 
failures  studied.  Most  of  the  overload  failures  noted  in  this  survey  occurred 
because  of  abnormal  take-off  or  landing.  Therefore,  the  energy  absorption  design 
features  for  impact  loads  and  the  design  limit  loads  set  for  static  strength 
appeared  to  be  generally  adequate  for  the  landing  gears  investigated. 
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Although  the  design  addresses  the  life  of  landing  gear  components  in 
fatigue  terms  and  the  analysis  is  validated  by  tests,  design  related  fatigue 
failure  still  occurred  within  the  given  life.  The  two  main  causes  were  poor 
design  detail  and  improper  assumption  as  far  as  loads  and  stresses  we.e  concerned. 
The  poor  design  details  include  factors  such  as  stress  concentration  and  sharp 
radii.  Possible  explanations  why  these  design  deficiencies  were  not  discovered 
through  testing  could  be:  statistical  scattering  of  test  data,  difficulty  of 
simulating  actual  loading  conditions  on  all  components  through  test  articles  wi*^ 
few  loading  points,  test  articles  not  fully  representative  of  production  pai 
and  testing  load  not  representative  of  actual  in-service  conditions. 

Developing  a  realistic  load  spectrum  is  not  an  easy  task.  One  must  not 
only  take  into  account  the  loads  associated  with  landing  as  well  as  those 
associated  with  ground  manoeuvers  (steering,  braking  and  taxiing)  as  they 
contribute  significantly  to  fatigue  damage  [6],  but  also  the  stresses  induced  by 
manufacturing  processes  and  assembly.  Nevertheless,  designers  should  be  striving 
to  achieve  this  goal  [7].  In  order  to  standardize  the  testing  for  comparison 
purposes,  it  might  be  appropriate  to  define  realistic  fatigue  load  spectra  as  they 
already  exist  for  some  aircraft  structures  (e.g.  FALSTAFF)  and  some  engine 
components  (e.g.  TURBISTAN) .  Further,  in  order  to  satisfy  airworthiness 
authorities  who  have  different  interpretations  of  similar  requirements,  it  would 
appear  appropriate  to  establish  c  single,  universally  applicable  set  of  fatigue 
design  requirements. 

Although  fatigue  failures  have  been  attributed  to  design  deficiencies  in 
nearly  60%  of  the  cases,  corrosion  as  it  accounted  for  nearly  all  of  the  remaining 
design  related  problems  should  not  be  neglected.  The  causes  were  many:  no  means 
of  drainage,  inadequate  sealing  from  the  environment,  design  allowing  water 
entrapment,  poor  selection  of  protective  coating,  a  design  preventing  access  for 
corrosion  inspection,  the  use  of  dissimilar  metals  in  contact  and  assemblies 
promoting  damage  to  the  coatings.  Although  preventive  measures  can  be  taken  for 
each  of  these  examples,  there  is  also  a  need  to  better  understand  how  materials 
degrade  with  time  in  the  chemical  and  physical  environment  in  which  the  landing 
gear  will  be  operating.  The  physical  environment  refers  to  the  type  of 
maintenance  and  possible  types  of  damage  (e.g.  scratches,  plating  deterioration) 
that  can  be  incurred  during  specific  maintenance  accivities.  As  mentioned 
previously,  actual  design  addresses  fatigue  through  durability  testing  and 
corrosion  through  means  of  prevention  but  it  would  be  wiser  to  consider  the 
synergism  of  fatigue  with  the  environment  as  many  failures  were  caused  by  fatigue 
but  promoted  by  corrosion  pitting.  The  ENSTAFF  spectrum,  which  is  the  FALSTAFF 
spectrum  taking  into  account  environmental  effects  for  airframe,  is,  for  example, 
a  positive  step  in  this  direction.  A  similar  approach  could  be  followed  for 
landing  gears. 

A  landing  gear  system  integrity  program  would  probably  be  the  most 
appropriate  methodology  to  ensure  the  structural  integrity  of  these  components 
throughout  their  life  cycle  [6].  One  such  program  could  be  a  tailored  version 
of  MECSIP  [8]  and,  as  ASIP  [3],  it  would  be  divided  into  five  phases:  design 
information,  design  analyses  and  development  tests;  component  development  and 
system  functional  tests,  an  integrity  management  data  package  and  integrity 
management  (Table  2) .  An  alternative  approach  could  be  to  include  landing  gears 
directly  into  the  ASIP,  so  that  the  fracture  and  durability  critical  parts 
(specifically  identified  under  the  Damage  Tolerance  and  Durability  Control  Plan 
(3))  of  the  landing  gears  would  be  designed,  tested  and  inspected  to  ensure  the 
structural  integrity  for  their  specific  design  applications. 

However,  the  inherent  poor  damage  tolerance  and  residual  strength 
characteristics  of  traditional  high  strength  landing  gear  materials  made  the  use 
of  the  damage  tolerant  approach  very  difficult  in  most  instances.  The  probability 
of  detecting  the  required  flaw  size  would  have  been  low  and  the  short  inspection 
interval  would  have  made  the  inspection  unrealistic  from  an  operational  and 
economic  point  of  view.  In  addition,  the  derivation  of  the  fatigue  crack  growth 
rate  from  an  analytical  point  of  view  would  be  difficult,  but  efforts  are  now 
being  devoted  to  this  area  (10]. 

It  is  important  to  mention,  however,  that  a  few  landing  gear  components 
analyzed  showed  large  cracks  before  failing  catastrophically.  This  was  the  case 
when  cracks  propagated  longitudinally  in  components  such  as  cylinder  or  struts, 
or  when  the  load  was  relatively  small  such  as  in  situations  of  load  transfer 
through  a  different  path.  In  these  cases,  the  use  of  damage  tolerance  or  the 
fail-safe  approach  could  be  appropriate  and  would  allow  the  determination  of  the 
appropriate  inspection  interval.  Although  theoretically  the  same  approach  could 
be  taken  for  corrosion  related  failures  as  SCC  growth  rate  can  to  some  extent  be 
quantified,  our  knowledge  of  the  time  required  for  a  pit  to  form  and  turn  into 
a  crack  is  very  limited.  In  these  cases,  the  prevention  of  corrosion  is  the  only 
appropriate  approach. 
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Table  2  -  Landing  Gear  System  Integrity  Progran 

The  design  of  landing  gear  systems  will  continue  to  evolve.  In  the  future 
weight  minimization  will  remain  an  important  requirement  but  factors  such  as  the 
cost  of  material,  manufacturing  characteristics,  environmental  effects, 
repairability,  survivability  and  crashworthiness  should  also  be  addressed.  Some 
manufacturers  are  now  looking  at  a  new  "jump  strut"  design  which  will  "push"  the 
nose  of  an  aircraft  up  into  the  air,  substantially  reducing  the  ground  roll 
required  for  take-off  [10].  This  would  provide  a  tactical  advantage  for  military 
aircraft  and  an  increase  in  flexibility  for  commercial  aircraft.  However,  this 
type  of  design  would  require  a  small  increase  in  landing  gear  weight  and  volume, 
which  is  undesirable  and  would  probably  have  to  be  offset  by  the  use  of  new 
materials  with  higher  specific  strengths.  Other  manufacturers  propose  advanced 
integrated  fault  tolerant  landing  gear  management  systems  providing  complete 
braking,  anti-skid,  steering  and  sequencing  for  aircraft  main  wheels  and  nose 
gear  [11].  In  the  future,  we  might  expect  on-line  damage  monitoring  sensors 
hooked  up  to  these  advanced  systems,  especially  in  non-accessible/inspectable 
areas.  It  is  believed  that  developments  in  landing  gear  configuration  will  be 
quite  limited  and  that  improvements  in  materials  offer  more  potential 
benefits  [6] . 

4.2  Material  Selection 

About  20%  of  the  failures  investigated  could  be  traced  back  to  the 
selection  of  materials  which  turned  out  to  be  less  than  adequate  for  the  intended 
applications,  leading  mainly  to  many  corrosion  related  problems. 

As  mentioned  earlier,  the  requirements  for  minimum  weight  and  use  of  space 
often  led  to  trade-offs  in  material  properties,  high  strength  being  selected  over 
fracture  toughness  and  corrosion  resistance.  For  example,  the  H-ll  steel  selected 
for  a  main  landing  gear  component  of  a  CF  transport  aircraft  is  no  longer  used 
in  the  CF  following  a  catastrophic  failure  because  of  its  poor  fracture  toughness. 
Magnesium  alloys  have  also  been  avoided  by  most  manufacturers  because  of  their 
inherent  corrosion  problems.  Another  good  example,  probably  the  most 
controversial,  was  the  use  of  the  7079-T6  aluminium  alloy  in  landing  gears.  This 
alloy  was  developed  in  the  mid-508  and  although  its  production  ceased  in  the  early 
70s  because  of  its  poor  resistance  to  SCC,  it  was,  unfortunately,  still  used  in 
the  manufacture  of  landing  gear  components  (struts,  cylinders]  for  another  decade. 
Major  costs  were  incurred  because  of  the  numerous  in-service  SCC  problems 
experienced  and  the  need  to  replace  landing  gear  components  made  of  this  alloy. 
Even  with  alloys  developed  and  selected  more  recently,  such  as  300M,  SCC  is  still 
occurring. 

The  need  for  materials  with  higher  fracture  toughness  is  now  being 
addressed  by  more  stringent  requirements,  but  the  concerns  about  corrosion  and 


SCC  problems  can  only  be  addressed  by  a  better  characterization  of  materials  with 
respect  to  their  operating  environments  and  by  the  use  of  appropriate  protective 
coatings.  While  it  is  relatively  simple  to  characterize  a  material  for  its 
fracture  toughness  and  damage  tolerance  properties,  it  is  much  more  difficult  to 
address  the  time  -dependent  phenomena  without  even  considering  their  synergism  with 
cycle-dependent  processes  such  as  fatigue  and  fretting.  Corrosion  testing 
presents  two  major  problems.  Firstly,  the  reliability  of  the  correlation  between 
accelerated  laboratory  tests  used  to  simulate  long  term  exposure  to  the 
environment  and  in-service  behaviour  is  still  open  to  debate.  Secondly,  testing 
a  material  in  all  possible  conditions  and  environments  is  a  big  challenge.  Again 
the  7079-T6  alloy  illustrates  well  this  last  concern.  Comparing  favourably  with 
7075-T6  from  an  SCC  resistance  point  of  view  during  its  development  stage,  it  was 
only  later  realized  that  the  relatively  "acceptable"  SCC  behaviour  of  this  alloy 
when  tested  in  3.5%  NaCl  solution  was  much  worse  under  normal  atmospheric 
conditions,  a  case  that  was  neglected  in  the  original  test  matrix  [12]. 

Some  materials  are  being  considered  to  replace  the  conventional  4340  and 
300M  steels  and  the  7xxx  series  aluminium  alloys.  A  modified  version  of  AF1410 
is  a  potential  candidate  as  it  shows  better  fatigue  life,  fracture  toughness  and 
especially  SCC  resistance  than  300M  [4J.  Powder  metallurgy  aluminium  alloys  and 
aluminium-lithium  alloys  could  provide  some  improvements  over  the  presently  used 
aluminium  alloy.  Some  researchers  consider  that  composite  structures  such  as  a 
titanium  matrix  composite  material  may  become  a  viable  alternative  to  conventional 
materials  for  landing  gear  structures  [4).  Development  of  new  materials  will 
require,  in  addition  to  their  characterization  in  terms  of  their  mechanical  and 
corrosion  properties,  consideration  of  the  life  cycle  of  the  component  from 
manufacturing  to  service  and  the  associated  maintenance  requirements. 

4.3  Manufacturing 

Nearly  half  of  the  fatigue  problems  surveyed  originated  from  manufacturing 
defects.  This  indicates  that  efforts  devoted  to  improving  manufacturing  are 
warranted,  especially  when  considering  that  these  problems  can  be  easily 
prevented.  While  it  may  be  appropriate  to  consider  manufacturing  defects  during 
full  scale  qualification  testing,  efforts  to  improve  the  manufacturing  quality 
should  also  be  made.  This  can  be  accomplished  two  ways:  by  improving  uhe 
manufacturing  processes,  and  by  ensuring  that  there  is  a  reliable  NDT  technique 
for  quality  control. 

Better  manufacturing  technique  can  be  promoted  by  the  use  of  new  materials 
and  processes  (e.g.  superplastic  forming  capability  and  better  protective 
coatings).  For  example,  a  large  landing  gear  manufacturer  [8]  has  started  a 
program  to  develop  the  largest  ever  built  main  fitting  forging  made  of  ultra  high 
strength  steel  for  the  Airbus  A320.  This  will  minimize  the  number  of  components 
and  eliminate  many  difficult  problems  associated  with  built-up  structures. 
Concerning  the  protective  coating  aspects,  new  processes  such  as  ion  implantation 
and  plasma  arc  spraying  seem  promising. 

There  is  no  doubt  that  better  NDT  techniques  and  more  stringent  inspection 
requirements  could  alleviate  many  fatigue  failures  from  manufacturing  defects  and 
corrosion  failures  from  poor  protective  coatings.  The  use  of  automated  NDT 
inspection  would  also  increase  the  probability  of  detecting  a  defect. 

The  other  important  manufacturing  aspects  to  consider  are  the  residual 
stresses  induced  by  the  manufacturing  (e.g.  heat  treatment,  forging,  etc.)  and 
the  assembly  stresses.  These  stresses  should  be  considered  with  those  induced 
in-service  during  the  qualification  tests.  Efforts  to  reduce  these  stresses  or 
at  least  to  better  characterize  and  quantify  them  should  be  made. 

4.4  Xn-Serviee  Maintenance 

Maintenance  at  the  field  level,  but  also  in  terms  of  directives  from 
headquarters,  led  to  more  than  20%  of  all  the  failures  investigated.  It  is 
probably  in  this  area  that  the  greatest  improvement  is  possible.  Unsatisfactory 
field  maintenance  resulted  in  corrosion  related  failures  in  the  majority  of  cases 
and  to  a  lesser  extent  to  fatigue  in  cases  of  improper  torquing  and  adjustments 
of  components  such  as  links  and  actuators  and  sometimes  in  overload.  Field 
technicians  must  be  made  aware  of  corrosion  and  how  it  can  be  prevented. 
Adherence  to  technical  orders  is  one  aspect,  but  this  should  be  accompanied  by 
an  education  program  on  proper  preventive  practices  in  t^rms  of  avoiding  damage 
to  coatings,  application  of  inhibitors,  grease,  sealants,  protective  coatings  and 
washing  procedures.  Detection  of  corrosion  is  an  important  part  of  any  prevention 
program  and  efforts  devoted  to  developing  reliable  NDT  techniques  to  detect 
corrosion  in  the  field  should  be  pursued.  These  efforts  should  be  undertaken  in 
conjunction  with  the  development  of  better  protective  coatings  and  a  corrosion 
inspect ion/ model ling  and/or  monitoring  program. 


Much  effort  is  now  being  devoted  in  this  area  and  the  CF  is  presently 
sponsoring  a  research  and  development  project  to  model  corrosion  processes. 
Hopefully,  this  program  will  permit  better  rationalization  of  the  inspection 
process.  The  inspection  cycle  of  many  CF  aircraft  landing  gears  is  presently 
based  on  the  number  of  landing  cycles.  Although  this  may  be  appropriate  only  when 
the  fatigue  mechanism  is  considered,  it  is  unfortunately  irrelevant  in  preventing 
corrosion  damage,  since  it  is  a  time-dependent  process.  The  use  of  corrosion 
probe  monitoring  may  also  be  helpful  in  rationalizing  the  inspection  cycles. 

A  corrosion  prevention  and  control  management  program,  in  which  there 
would  be  a  dialogue  between  headquarters  staff  and  field  technicians,  would  be 
a  definite  asset.  The  directives  imposed  by  headquarters  and  the  corrective 
actions  should  be  initiated  in  light  of  the  failures  experienced  and  feedback  from 
field  technicians.  From  such  a  program,  the  design  and  maintenance  authorities 
could,  for  example: 

a.  Modify  the  inspection  schemes,  i.e.  the  interval  of  inspection  (time 
versus  number  of  landings  or  flying  hours) ,  the  inspection  location, 
the  NDT  technique  and  reporting  methods 

b.  Redesign  some  components  in  order  to  avoid  stress  concentrations, 
introduce  surface  compressive  residual  stresses,  use  sacrificial 
coatings,  prevent  possible  wear  damage  to  the  protective  coatings, 
provide  better  drainage  methods  and  sealants,  prevent  water  entrapment 
and  substitute  better  materials  and/or  processes 

c.  Modify  the  maintenance  practices,  by  using  dehumidifiers,  corrosion 
inhibitors,  proper  drainage  and  wash  procedures 

Finally,  as  there  is  a  worldwide  trend  to  extend  the  life  of  aging 
aircraft,  maintenance  is  expected  to  play  an  increasingly  important  role  to  ensure 
the  integrity  of  landing  gear  systems. 

5  CONCLUSIONS  AND  RECOMMENDATIONS 

It  is  concluded  that: 

a.  Landing  gears  are  the  second  most  important  area  of  failures  reported 
on  aircraft  and  these  have  high  safety  implications 

b.  No  reported  overload  failures  resulted  from  hard  landings.  They 
occurred  mainly  during  abnormal  landings,  *~h  as  skidding  off  the 
runway 

c.  Fatigue  and  corrosion  were  found  to  be  the  two  main  mechanisms  of 
failure.  Fatigue  occurred  mainly  in  steel  components  while  corrosion 
related  problems  occurred  mainly  with  aluminium  alloys 

d.  Pitting  or  pitting  as  a  precursor  to  other  failure  mechanisms  was  the 
major  form  of  corrosion  and  particularly  significant  in  wheels 

e.  Design  deficiencies  and  manufacturing  defects  led  primarily  to  fatigue 
failures,  although  they  also  promoted  corrosion  when  protective 
coatings  were  involved 

f.  Poor  material  selection  and  improper  field  maintenance  practices  led 
principally  to  corrosion  related  failures  and  to  a  lesser  extent  to 
fatigue.  Maintenance  related  failures  were  observed  equally  on  all 
aircraft  types 

g.  The  penalty  incurred  by  poor  material  selection  in  the  design  stage  was 
very  severe  from  an  operational  and  economic  point  of  view,  requiring 
the  replacement  of  landing  gear  components  made  with  alternative 
materials 

h.  Manufacturing  defects  appeared  to  be  the  most  important  failure  cause 
for  steels,  while  design  deficiencies,  field  maintenance  practices  and 
material  selection  were  the  most  significant  causes  for  failures  in 
aluminium  alloys 

j .  Although  landing  gears  are  not  designed  using  a  damage  tolerance 
approach,  there  were  many  cases  where  it  could  have  been  used  because 
large  cracks  were  found 

In  light  of  the  findings,  it  is  recommended  that: 

a.  Landing  gear  components  fcvi  included  into  a  structural  integrity 
program.  This  would  require  proper  chara-  terization  of  the  landing 
gear  operational  environment  from  both  a  fatigue  and  corrosion  point 
of  view 

b.  Realistic  full  scale  qualification  tests  should  not  only  consider 
inherent  manufacturing  defects  but  should  also  address  the  stresses 
induced  during  manufacture  and  assembly 

c.  Efforts  be  devoted  into  developing  a  single  universally  applicable  set 
of  fatigue  design  requirements 

d.  All  new  materials  proposed  for  landing  gear  applications  be  fully 
characterized  and  evaluated  in  all  applicable  environmental  conditions 
before  being  used 
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e.  Efforts  be  pursued  to  improve  protective  finishes  and  coatings  and 
manufacturing  processes 

f.  Efforts  be  pursued  to  improve  maintenance  and  inspection  of  defects 

g.  A  corrosion  program  be  developed  in  which  a  constant  dialogue  between 
maintainers  and  field  technicians  will  highlight  a  series  of  preventive 
measures.  More  efforts  should  be  put  into  the  education  of  technicians 
about  corrosion  problems  and  preventive  measures,  and  for  its  detection 
and  monitoring  through  HDT 

h.  Efforts  be  devoted  to  corrosion  modelling/monitoring  and  inspection 
methods  development  to  enhance  the  landing  gear  inspection  process 

j .  Landing  gear  components  be  designed  to  show  some  fail-safe  and  damage 
tolerant  characteristics,  thus  avoiding  catastrophic  failures 

k.  The  use  of  on-line  fatigue  and  corrosion  damage  monitoring  sensors  be 
further  investigated 

m.  Thorough  failure  analysis  reports  be  made  for  each  failed  component 
discovered.  Proper  understanding  of  the  failure  mechanisms  and 
assessment  of  the  causes  provide  valuable  feedback  information  to 
designers,  operators  and  maintainers  for  the  necessary  corrective 
actions  to  be  undertaken 
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1.  It  is  well  know  that  the  U.S.  Air  Force  has  eliminated  the  use  of  rigid  and  mandatory  structural 
design  specifications.  In  their  place  a  new  approach  has  been  instituted  which  requires  every  system 
structural  specification  be  rationally  tailored  to  the  actual  anticipated  aircraft  usage.  In  order  to 
facilitate  this  approach,  the  Air  Force  Guide  Specification  (AFGS-87221A)  contains  an  Appendix  which  can 
be  used  to  form  the  basic  framework  of  a  unique,  system  specific.  Aircraft  Structural  Specification.  To 
use  the  Appendix,  various  blank  areas  In  the  specification  must  either  be  completed  or  marked  as  non- 
applicable.  The  completion  of  these  blank  areas  may  require  only  the  insertion  of  a  simple  numerical 
value;  while  in  other  cases  extensive  data,  direction,  and  analysis  techniques  must  be  described  to 
fulfill  the  requirements.  One  cannot  stress  too  strongly  that  the  AFGS-87221A  produces  total  system 
performance  requirements  as  opposed  to  the  old  approach  of  meeting  selected,  isolated  criteria.  This 
new  approach  entails  the  conversion  of  operational  requirements  into  the  associated  and  anticipated 
loading  environments.  Since  there  is  an  interaction  between  the  environments,  structure,  and  resultant 
loads  we  will  usually  have  a  non-linear  task  in  converting  performance  requirements  to  structural  load 
levels.  It  must  be  well  and  fully  understood  that  for  this  approach  to  work,  all  aspects  of  the 
operational  requirements  must  be  well  defined.  Admittedly,  this  new  approach  is  not  as  easy  to  implement 
as  the  old  arbitrary  set  of  isolated  criteria  or  requirements.  The  future  operator  of  the  aircraft  and 
the  engineers  must  work  very  closely  to  develop  the  system  specification. 

2.  To  compound  the  problem,  aircraft  ground  activities  have  never  generated  the  same  excitement  or 
enjoyed  the  same  Interest  as  flight  operations.  Some  even  look  upon  landing  gear  as  a  necessary  evil,  at 
beat.  Consequently,  the  development  of  ground  loads  analysis  techniques  and  requirements,  coupled  with 
operational  considerations  and  design  trade-offs  is  not  as  advanced  as  other  aspects  of  aircraft  design. 
The  result  of  this  reduced  level  of  interest  need  not  be  catastrophic  structural  failure.  Normal  ground 
operations  rarely  produce  structural  failures  which  kill  people.  A  likely  result  of  this  reduced  level  of 
Interest  is  an  excessively  conservative  and  over  built  design.  While  anyone  can  recognize  structural 
failure,  few  can  recognize  the  over  designed,  over  weight  structure.  Therefore,  most  designers  are 
reluctant  to  cease  using  historical  factors,  even  when  they  are  no  longer  appropriate. 

3.  This  does  not  mean  that  the  area  of  ground  loads  has  been  completely  ignored.  What  this  does  mean  is 
that  due  to  an  uneven  amount  of  interest  in  different  areas,  some  conditions  are  easier  to  tailor  than 
others.  In  order  to  see  the  application  of  AFGS-87221A,  let's  consider  a  current  USAF  fighter  that  was 
designed  before  the  specification  tailoring  concept.  We  will  compare  its  actual  requirements  against 
AFCS-87221A  and  the  current  U.S.  Navy  document  MIL-A-8863B(AS) .  No,  not  all  of  the  requirements,  Just  a 
selected  few  that  pertain  to  landing  gear:  taxi,  turns,  pivot,  landing  and  towing. 

4.  Let's  first  consider  the  actual  taxi  requirements  for  our  sample  aircraft,  as  shown  below: 

5. 1.1. a  Taxiing  -  The  aircraft  Is  In  a  three  point  attitude  for  three  point  and 
unsynaetrlcal  braking  and  In  a  two  point  attitude  for  two  point  and  reverse  braking. 

The  aircraft  is  in  equilibrium  with  balancing  gear  and  lntertial  loads.  The  coefficient 
of  friction  versus  aircraft  gross  weight  is  shown  on  Figure  5.4.1.a-l. 

For  operation  from  a  paved  surface,  the  aircraft  shall  be  capable  of  wlthatanding  loads 
from  both  a  continuous  runway  profile  and  discrete  1.5  inch  step  and  (1-cosine)  bump  and 
depression  inputs.  Figure  5. 4.1. a- 2  defines  the  paved  runway  step  and  bump  and  dip  Inputs. 

5.  We  can  Immediately  see  that  thla  references  a  coefficient  of  friction  function  and  figure  that  defines 
a  surface  roughness  requirement.  Without  reproducing  the  braking  coefficient  of  friction  figure,  it 
varies  from  0.7  to  0.8  as  a  function  of  aircraft  weight.  For  the  taxi  way  roughness  the  figure  is 
reproduced  here. 
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FIGURE  5.4.1 .a-2 
BUMP  HEIGHT  OR  DIP  DEPRESSION 


You  can  see  that  for  a  bump  wave  length  between  one  landing  gear  separation  to  three  times  the  landing 
gear  spread,  the  bump  height  goes  from  1^  Inches  to  3  inches.  At  twice  the  landing  gear  spread  the  bump 
height  is  only  2  Inches.  This  does  not  suggest  an  aircraft  Intended  for  other  than  prepared  bases. 

5.  Below  is  the  U.S.  Navy  requirement  from  MIL-A-S863B(AS) ,  which  would  have  been  Imposed  on  the  aircraft 
if  it  had  been  built  for  the  Navy. 

3.12.4  Taxiing.  Applicable  to  all  types  of  airplanes.  The  airplane  shall  be  in  the 
three-point  attitude.  The  drag  loads  and  side  loads  at  each  gear  shall  be  zero.  The 
sum  of  the  vertical  loads  acting  at  the  ground  shall  be  equal  to  twice  the  weight  of 
the  airplane.  Separately  for  the  design  of  the  nose  gear,  and  its  support  structure 
only,  the  sum  of  the  vertical  loads,  acting  at  the  ground,  shall  be  equal  to  three 
times  the  weight  of  the  airplane. 

6.  Next,  let's  consider  the  taxi  requirement  as  it  is  in  AFGS-87221A.  This  is  deceptively  simple  in 
appearance.  While  it  no  longer  includes  the  braking  criteria,  it  actually  demands  the  engineer  must  have 
considerable  amounts  of  information  on  various  aspects  of  aircraft  taxi. 

3.4.2. 1  Taxi 

a.  Low  speed  taxi  on  taxlways  and  ramps  of  _  . 

b.  High  speed  taxi  on  runways  of  _ _ _ _ . 

The  purpose  of  this  requirement  is  to  establish  structural  requirements  for  straight 
ahead  tsxl  without  braking.  Straight  taxi  typically  produces  maximum  vertical  loads 
on  the  landing  gear  and  may  produce  significant  loadings  on  other  primary  structure. 

REQUIREMENT  GUIDANCE 

Define  the  taxi  requirements  in  terms  of  general  parameters  3.2  and  any  attainable 
combinations  thereof.  Taxiing  loads  shall  be  based  on  operational  requirements  such 
as  taxiway,  runway,  and  tire  conditions.  Taxi  loads  shall  be  established  at  appropriate 
speeds  in  accordance  with  3.2.7.  For  example,  low  speed  taxi  on  taxiways  and  ramps  of 
paved  and  semlprepared  airfields  at  speeds  up  to  the  taxi  limit  speed,  V  and  high  speed 
taxi  on  runways  of  paved  and  semlprepared  airfields  at  speeds  up  to  the  lift-off  limit 
speed,  V  .  The  appropriate  effects  of  weight,  eg  position,  mass  distribution,  and 
landing  gear  characteristics  shall  be  included.  RTD-TDR-63-41 39  Vol  I  and  ASD-TDR-62-555 
Vol  I  provide  criteria  and  analysis  techniques  for  establishing  alighting  gear  dynamic 
load*.  Power  spectral  density  levels  for  paved,  semlprepared,  anu  unprepared  airfields 
are  presented  in  Figures  6  and  8.  Discrete  bumps  and  dips  for  slow  and  high  speed  taxi 
are  presented  in  Figures  4  and  5. 

Reading  the  Requirement  Guidance  you  will  realize  that  not  only  must  the  designer  be  cognizant  of  the 
proposed  aircraft,  but  also  the  proposed  operational  bases  and  their  taxiways  and  runways.  This 
brings  us  back  to  the  question  of  well  defined  operational  requirements.  Obviously,  with  a  two  inch 
bump  for  a  wave  length  of  twice  the  gear  spacing,  our  example  aircraft  was  never  Intended  for  seml¬ 
prepared  field  operations. 


7.  We  ah«ll  now  address 
system  specification  for 
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turning.  Below,  is  shown  the  actual  turning  requirement  as  it  appears  in  the 
our  sample  aircraft. 

6.5.2  Turning  -  The  air  vehicle  in  the  three  point  attitude  shall  execute  steady  turns 
by  the  following  means: 

a.  Unsymmetrical  thrust  or  nose  gear  steering. 

b.  Unsymmetrical  thrust  or  nose  gear  steering  with  symmetrical  braking. 

c.  Differential  braking. 

The  ratio  of  side  load  to  vertical  load  shall  be  limited  to  0.5  on  any  wheel  and  the  sum 
of  the  side  loads  shall  equal  0.5W  at  maximum  design  weight  and  0.3W  at  maximum  limit 
weight  except  that  this  value  need  not  exceed  a  value  which  would  result  in  overturning. 

For  braked  conditions,  the  drag  load  and  side  load  on  the  braked  wheels  shall  be  such 

that  the  vector  sum  of  the  drag  load  and  side  load  will  not  exceed  0.8  of  the  vertical 

load  at  maximum  design  weight  and  0.65  of  the  vertical  load  at  maximum  limit  weight  with 
a  linear  variation  between  these  weights.  Requirement  "b"  above  shall  result  in  a  side 
load  factor  of  at  least  0.3W  at  maximum  design  weight  and  0.18W  at  68,000  pounds  and  remain 
at  0.18W  to  maximum  limit  weight  with  a  drag  load  on  the  braked  wheels  of  at  least  0.5  of 
the  vertical  load  at  maximum  design  weight  and  0.4W  at  68,000  pounds  and  above. 

Next  we  have  the  MIL-A-8863B  requirement  for  turning  and  steering. 

3.12.2  Turning.  Applicable  to  all  types  of  airplanes.  The  airplane  shall  be  in  the 

static  three-point  attitude.  The  sum  of  the  vertical  ground  loads  on  the  landing  gear 
shall  be  equal  to  the  weight  of  the  airplane.  The  drag  loads  shall  be  zero.  The  side 

loads  on  each  landing  gear  shall  act  in  the  ground  plane  and  in  combination  with  the 

landing  gear  vertical  loads,  such  that  the  total  resultant  load  passes  through  the 
airplane  CG.  The  ratio  of  the  side  load  to  the  vertical  lead  shall  be  the  same  at 
each  landing  gear.  The  sum  of  the  side  loads  shall  be  0.5  times  the  weight  of  the 
airplane,  except  that  this  sum  need  not  exceed  a  value  which  would  result  in  overturning. 

3.12.6  Steering.  Applicable  to  all  types  of  airplanes.  The  airplane  shall  be  in  the 
statue  three-point  attitude  with  the  noise  gear  swiveled  in  all  possible  positions.  A 
torque  equal  to  the  maximum  available  steering  torque  shall  be  applied  to  the  nose  gear. 

What  can  we  say  about  either  or  both  of  these?  Obviously  the  actual  requirement  1b  noticeably  more 
explicated  than  in  MIL-A-8863B.  But,  does  that  tell  us  anything?  Nc ,  nelgher  specification  is  a 
performance  requirement!  The  coefficients  of  friction  and  the  load  factors  tend  to  suggest  they  are  the 
results  of  an  analysis  which  converted  performance  to  specific  criteria.  However,  there  is  no  ways  to 
understand  why  the  actual  specification  is  more  complex  than  MIL-A-8863B.  What  did  this  complexity  buy 
us? 


8.  The  application  AFGS-87221A,  as  shown  below,  requires  considerable  knowledge. 

3. 4. 2. 2  Turns 

a.  Turns  on  ramps  at  speeds  up  to  _ . 

b.  Turns  on  taxiway s  at  speeds  up  to _ . 

c.  Runway  turn-offs  at  speeds  up  to  _ . 

REQUIREMENT  RATIONALE 

Che  purpose  of  this  requirement  is  to  provide  structural  requirements  for  unbraked  steady 
turns. 


REQUIREMENT  GUIDANCE 

Define  the  turn  requirements  in  terms  of  genersl  parameters  of  3.2  and  any  attainable 
combinations  thereof.  Turning  design  loads  shall  be  based  on  operational  requirements 
such  as  taxiway,  runway,  and  tire  conditions.  Turning  requirements  shall  be  established 
at  appropriate  speeds  of  3.2.7.  For  example,  turns  on  ramps  at  speeds  of  up  to  the  taxi 
limit  apeed,  VT  on  paved  and  semlprepared  surfaces.  Turns  on  taxiweys  at  speeds  up  to 
thtt  taxi  ai ait  speeu»,  V  on  paved  and  semlprepared  surfaces.  Runway  turn-offs  at  speeds 
up  to  the  taxi  limit  speed,  V^,  on  paved  and  semlprepared  surfaces.  The  effects  of  weight, 
eg  position,  mass  distribution,  and  landing  gear  characteristics  shall  be  accounted  for. 

REQUIREMENT  LESSONS  LEARNED 

A  technique  for  establishing  lateral  load  factors  during  ground  turning  is  presented  In 
ASD-TR-79-5037 . 

Not  only  must  the  aircraft  be  well  defined,  but  so  must  the  taxlways  and  runways.  In  reality,  it  Is 
probably  more  Important  to  define  the  aircraft  speeds  besides  the  taxlways  and  runways,  since  in  a  first 
order  analysis  the  mass  of  the  aircraft  is  immaterial,  Again,  the  Implementation  of  AFGS-87221A  requires 
more  effort  and  Insight  than  using  either  the  U.S.  Navy  specification  or  the  actual  aircraft  turning 
requlrmant . 
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9.  Pivoting  ia  in  many  ways  just  a  very  special  type  of  turn.  The  actual  specification  requirement  for 
our  example  aircraft  is  given  below  along  with  the  plot  which  defines  the  tire  coefficient  of  friction. 

5. Pivoting  -  The  aircraft  is  pivoted  about  one  wheel.  The  brakes  are  locked  on 
the  gear  about  which  the  aircraft  is  rotating.  The  tire  coefficient  of  friction  is  defined 
by  Figure  5.4.1.a-l. 


FIGURE  S.4.1.a-1 

FATIGUE  BRAKING  COEFFICIENT  OF  FRICTION 


AIRCRAFT  WEIGHT  1000  LBS. 


The  requirement  which  MIL-A-8863B  would  have  imposed  on  the  development  of  this  aircraft  is  given  below. 

3.12.3  Pivoting.  Applicable  to  all  types  of  airplanes  except  SKI  airplanes.  With 
brakes  locked  on  the  landing  gear  unit  about  which  the  airplane  is  rotating,  the  airplane 
shall  pivot  about  one  wheel,  or  in  the  base  of  multiple  wheels,  about  the  centroid  of 
contact  area  of  all  wheels  in  the  gear  unit.  The  vertical  load  factor  at  the  CG  shall 

be  1.0  and  the  tire  coefficient  of  friction  shall  be  0.8. 

Obviously  there  is  a  great  similarify  between  these  two  requirements.  However,  the  Air  Force  allowed  a 
linear  reduction  in  the  coefficient  of  friction  beginning  at  53,000  pounds  and  becoming  0.7  at  68,000 
pounds.  This  means  that  this  aircraft,  designed  to  Air  Force  requirements,  has  slightly  less  pivoting 
capability  at  higher  weights  than  it  would  have,  had  it  been  designed  to  MIL-A-8863B. 

10.  Now,  let's  see  how  AFGS-87221A  addresses  pivoting.  Looking  at  the  requirements  as  presented,  there  is 
a  noticeable  difference.  We  can  see  that  the  pivot  points  must  be  defined  along  with  thrust  levels.  Both 
the  sample  Air  Force  requirement  and  the  current  U.S.  Navy  specification  assume  the  point  of  pivot  is  known 
or  obvious.  Also,  AFGS-87221A  requests  thrust  levels  when  neither  of  the  other  two  do.  However,  both  the 
other  two  specifications  give  a  tire  coefficient  of  friction  when  the  approach  of  AFGS-87221  does  not.  The 
AFGS-87221A  simply  presents  a  different  approach,  but  this  new  approach  does  need  power  and  thrust  levels 
established  by  a  rationale  process. 

3. 4. 2. 3  Pivots.  (  ) 

a.  The  pivot  points  are  _ . 

b.  The  power  of  thrust  levels  shall  be  _ . 

REQUIREMENT  RATIONALE  (3. 4. 2. 3) 

The  purpose  of  this  requirement  is  to  establish  maximum  torsional  load  on  the  main 
landing  gear. 


REQUIREMENT  GUIDANCE 

If  the  requirement  is  not  applicable  for  pivots,  insert  N/A  in  all  blanks  including 
those  blanks  of  the  subparagraphs.  If  applicable,  insert  APP  in  the  blank  and  define  the 
extent  of  applicability.  For  each  applicable  subparagraph  define  the  pivoting  requirements 
in  terms  of  the  general  parameters  of  3.2  and  any  appropriate  combination  thereof.  For 
example,  the  pivot  points  ere  about  one  main  landing  gear  wheel  with  brakes  locked,  or  in 
the  case  of  multlpla  wheal  gear  units,  about  the  centroid  of  contact  area  of  all  wheels 
in  the  gear  unit.  The  power  and  thrust  levels  shall  be  based  on  a  rational  analysis  to 
detarmlna  power  required  to  perform  the  maneuver.  The  coefficient  of  friction  between 
the  tires  and  ground  shall  be  0.8  and  the  vertical  load  factor  at  the  c.g.  shall  be  1.0. 


Some  aircraft  configurations,  such  as  a  very  large  transport,  preclude  true  pivot  turns, 
in  which  cases  a  minimum  radius  turn  should  be  defined  in  3. 4. 2. 2  instead  of  pivoting. 
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11.  Landing  as  a  loading  condition  requires  extensive  definition.  Additionally  the  U.S.  Navy  has  a 
requirement  to  be  able  to  land  on  aircraft  carriers.  This  adds  at  least  an  order  of  magnitude  to  the 
complexity  of  their  specifications  and  makes  any  real  attempt  to  compare  requirements  difficult. 
Therefore,  let's  just  consider  landing  sink  rates  in  order  to  get  some  feeling  of  the  difference.  The 
figure  below  is  the  actual  landing  sink  rate  requirement  for  our  sample  aircraft. 


ALLOWABLE  LANDING  SINK  SPEED 
VERSUS 

AIRCRAFT  WEIGHT 


AIRCRAFT  WEIGHT  1000  LBS. 


Belov  35,000  pounds  the  aircraft  can  land  with  a  vertical  sink  rate  of  1G  feet  per  second.  About  35,000 
pounds  the  sink  rate  is  gradually  reduced  in  order  to  account  for  the  energy  increase  due  to  the  added 
weight  of  the  aircraft.  It  is  important  to  remember  that  this  aircraft's  maximum  sink  rate  is  10  feet  per 
second  since  the  same  aircraft  when  designed  by  the  U.b.  Navy  would  have  a  sink  rate  of  over  20  feet  per 
second . 

12.  The  requirement  from  AFGS-87221A,  as  shown  below,  is  intended  to  be  tailored  to  any  operational 
requirement .  It  can  be  made  to  cover  all  operational  landing  conditions,  while  accepting  that  not  all 
aircraft  need  have  all  landing  capabilities. 

3. 4. 2. 6  Landings 

a.  Hard  surface  runways  (  ).  Landings  on  _ . 

b.  Semiprepared  runways  (  ).  Landings  on  _ . 

c.  Unprepared  surfaces  (  ).  Landings  on  _ . 

d.  Arrestment  (  ). _ . 


e.  Declerating  devices  (  ).  __ _ . 

f.  Other  landing  conditions  (  ).  _ _ ■ 

REQUIREMENT  RATIONALE 

The  purpose  of  this  requirement  is  to  establish  structural  requirements  for  landing  opemtlons 
on  specified  surfaces. 

Following  the  conceptof  a  rationally  tailored  system  specific  structured  specification,  the  Air  Force  Guide 
Specification  approach  allows  the  selection  of  appropriate  conditions.  However,  what  are  appropriate 
conditions?  Sink  rates  in  excess  of  twenty  feet  per  second  might  be  appropriate  for  carrier  landings  or 
air  assault  situations,  but  what  is  approptiate  for  a  fighter  using  a  main  operating  base?  I  don't  know. 
Not  until  the  intended  user  and  the  design  engineers  review  the  proposed  operational  requirements  and  all 
the  trade-offs  and  interactive  design  impacts  can  the  totality  of  the  landing  requirement  be  established. 
Not  only  must  numerous  aircraft  parameters  be  defined,  but  so  must  the  runway  be  defined  in  great  detail. 

13.  The  new  AFGS-87221A  recommends  that  towing  conditions  be  tailored  as  it  does  all  other  structural 
loadings.  However,  it  does  suggest  as  a  safe  selection  the  very  requirements  that  have  been  used  for 
years  and  are  still  current  in  MIL-A-8863B(AS) .  These  are  the  very  towing  requirements  that  our  sample 
aircraft  used.  I  don't  know  how  old  these  towing  requirements  are,  but  they  have  been  found  in  a  1940 
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document.  Much  the  same  can  be  said  for  jacking  and  hoisting.  These  requirements  are  historical,  and 
their  basis  or  supporting  justification  has  been  lost  over  time.  It  is  especially  true  in  the  area  of 
Cowing  besides  Jacking  and  hoisting  that  we  lack  research  to  assist  in  developing  the  well  tailored, 
system  specific,  structural  specification. 

14.  With  the  advent  of  AFGS-87221A  there  is  a  commitment  to  tailoring  the  actual  system  specific 
structural  specif ication.  However,  those  of  us  who  use  this  document  must  increase  our  depth  of  activity 
in  several  areas.  First,  we  must  work  very  closely  with  the  final  user  of  our  product.  Second,  those  of 
us  who  use  AFGS-87221A  must  realise  that  specification  development  is  going  to  be  more  complicated  than 
it  has  been  in  the  past.  Due  to  conflicting  operational  requirements,  it  may  be  necessary  to  perform 
trade  studies  which  appear  to  be  very  close  to  preliminary  design  concept  studies,  in  order  to  convert 
performance  requirements.  The  comfort  and  supposed  safety  of  the  old,  rigid  specifications  is  over. 
Besides,  the  old  approach  may  have  been  safe  with  respect  to  contracting  laws,  but  they  often  fail  the 
laws  of  physics.  Therefore,  our  old  criteria  was  not  as  uniformly  conservative  as  we  thought. 


ETUDE  COMPARATIVE  DES  NORMES  FRANCAISES  AIR  2004  ET 
AMER I CAINES  MIL-SPEC  RELATIVES  AUX  CHARGES  SUR  LES 
ATTERRISSEURS 


pa  r 

J.M.  DAUPHANT 

DGA/DCAe/Service  Technique  des  Programmes  Aeronaut iques 
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RESUME 

L’6tude  comparative  des  normes  frangaises  (AIR  2004  D  /  AIR  2004  E)  et  amer ica ines  (MIL- A- 
8862A  /  MIL-A-8863A)  dont  fait  l'objet  cette  presentation  montre,  a  partir  d'ur.  avion 
embarqu6  (SUPER  ETENDARD)  et  d'un  avion  terrestre  (MIRAGE  2000),  I' influence  de  ces  normes 
et  les  repercussions  liees  a  l ' appl icat ion  de  celles-ci  sur  les  cas  de  charges,  sur  ies 
efforts  au  sol  et  sur  le  dimens ionnement  des  trains  d ’ atter r issage . 


INTRODUCTION 


L'6volut.ion  des  normes  militaires  relatives  aux  charges  sur  atterr isseurs  est  continue 
depuis  un  demi-si£cle. 

Elle  r^sulte  pr inc ipalement  de  Sexploitation  et  de  1 'analyse  des  probifcmes  et  des 
accidents  rencontres  ainsi  que  de  1 'apparition  de  moyens  d'essai,  de  calcui  et  cie 
simulation  plus  performants. 

L'ensemble  de  ces  616ments,  associ£  £  1 ’ elargissement  des  competences  technologiques  des 
industriels,  permet  aujourd'hui  d ' apprehc nder  plus  finement  les  cas  d'att err issage,  de 
d^collage  et  devolution  au  sol  et  de  prendre  en  compte  plus  fidelement  les  phenomenes  lies 
aux  interactions  "avion/sol" . 

L'etude  des  r^glements  Strangers  est  6galement  un  facteur  devolution  important.  L' adopt,  ion 
par  les  Services  Officiels  Strangers  de  concepts  nouveaux,  1 ' int roduct ion  d ' appr nghes  plus 
ou  moins  novatrices  sont  suivies  avec  int£ret  et  donnent  lieu  a  des  travaux  d'analyse  dont 
la  finality  est  double:  mesurer  le  degr£  de  pert  inence  de  ces  concepts  et  net. er,  en  cas 
d ' application  de  ceux-ci,  leur  influence  sur  la  definition  et  le  dimens ionnement  des  avions 
et  plus  particuli^rement  sur  ceux  des  atterr  isseurs . 

C'est  dans  cette  optique  que  le  STPA  (Service  Technique  des  Programmes  Aeronaut i ques ) , 
organisme  de  la  DGA  (D£l£gation  G6n6rale  pour  1'Armement)  au  sein  du  Minis!  ere  io  '.a 
Defense  frangais,  a  command^  £  la  soci6t6  MESSIEP-BUGATTI ,  avec  le  concours  le  la  society 
DASSAULT-AVI ATION,  une  etude  comparative  des  normes  frangaises  et  amer ica ines  recent es. 

L'6tude  demand^e  s'inscrit  dans  le  cadre  d'une  reflexion  globale  en  vue  d’une  possible 
revision  de  la  norme  actuelle  AIR  2004  E. 

Cette  norme  n^cessite  en  effet  des  mod i f ica t i ons  pour  prendre  en  compte  les 
caract£ristiques  des  avions  de  combat  dits  de  nouvelle  generation  (en  partieulier  a  cause 
des  commandes  de  vols  £lectriques) . 

Les  normes  retenues  pour  cette  £tude  sont  les  normes  frangaises  AIR  2004  D,  AIR  2004  E  et 
les  normes  am^ricaines  MIL-A-8862A,  MIL-A-8863A. 

L»eux  avions  -  un  avion  mar in:  le  SUPER  ETENDARD  et  un  avion  terrestre:  le  MIRAGE  2000  - 
ont  servi  A  ^valuer  l'influence  des  diff£rentes  normes  sur  les  cas  de  charges,  sur  les 
efforts  au  sol  et  sur  le  dimensionnement  des  atterr isseur s . 


I  PRESENTATION 


DES 


NORMES 


One  rapide  presentation  chronoi  ogique  per met  de  xieix  uoiriprer.dre  1 '  evoi  ut  ion  dec  r.  irr^ei 
coirs  des  dernieres  annees. 

t-i  HQRass  gEumcAia&s 

1-1  .  1  His  tongue 


De  maniere  reiat  i  vement  ru-linitui.  a  i  re,  la  norne  AIR  2004  B  pi  end  e:.  -compie  fie*:  1  >4 '  .  er. 

cas  'i'art  errissaae  classigues  (att err issage  en  1  igne  de  vci,  a*  t  er  r  :  ssage  riqre, 
atterrissage  er;  ripe,  at terr issage  trois  points)  air.si  que  les  conditions  de  deco  1  i  ,  Je 
freir.age  et  de  gi  rat  ion  au  sol. 

Er.  1947  lui  succed*  la  norme  AIR  2004  C  qu  i  es*.  plus  ;-on»p  *e?  *  er  -jui  t  ra:‘e  des 
pr incipaux  cas  d 'atterrissage,  de  deco l 1 age  el  d’ev  V.  :  or.  au  sol  (  f  re :  nag*'*,  manoeuvre  au 
sol,  remorquage,  hissage,  amar  rage,  transport,  ...i  neuessa  ires  a  »!  a  conception  er  au 
dimens ionnement  des  at  ter r isseurs . 

C'est  en  1960  quo  la  norme  AIR  2004  D  ent  re  er.  applicat  icn  .  '  ^lle-ci  aborde  <i  s 
phenom^nes  autres  que  les  phenomenes  statiques  jusqu'alors  abordes,  vonme  les  vibrations  et 
ia  fatigue.  Le  changement  est  radical  puisque  Le  tit  re  de  la  norme  AIR  P'O'-j  4  C  "Conditions 
G£nerales  de  Resistance  Statique  des  Avions  et.  Hydravi  :  s"  est  a ran don re e  au  prof:  t  de 
"Resistance  des  Avions". 

La  norme  AIR  2004  D  impose  I 'etude  d'un  certain  norntre  de  cas  nouveaux  ::c,mme  : 

l’abatee  sur  1 ' alter r isseui  auxiliaire  (train  tricycle) 
le  f rancnissement  des  obstacles  de  piste  au  rouiement 

et  reexamine  les  condition:  de  ripe,  de  mi  se  en  rotation,  tie  ret cu:  elastique  et 
d'atterrissage  dissyrr.et  r  ique  . 

La  norme  AIR  2004  E  (1979)  empr unte  globaiemenr  l  *>  schema  de  ia  rr'ir.e  Alb  ?  C:  • ;  4  :  *  c 

redef  in  i  ssar.t  la  vitesse  de  chute  limit  e  (Fij.li,  er  exigeant  :  a  prise  «r.  •;  :.r.p*  e  do  'i.. 
strep lemer.t  a  i  res  : 

vitesse  d’atterrissage  extreme 
•as  d’atterrissage  a  trois  composar.tes 
cas  dt  f re inage  au  point  fixe 

cas  de  ia  detente  et  de  1  ’  ex*  ensior.  brutal-*  de  I*  amort  iss«*ut  falsa:.-  su  i  t  e  a  r  r.  i 

et  en  faisant.  disparai*-  re  not  amment  la  not  i  or.  desue-e  d<=-  charges  de  <•••.  -hij.re 

sG res)  . 
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Figure  1 


[-1.2  Reflexions  sur  la  norme  actuelle 
a)  Conditions  d ’ 61aborat ion 

L ' £laborat ion  de  la  norme  AIR  2004  E  est  dtie  A  la  conjonction  de  plusieurs  facteurs  : 

les  mutations  technologiques  et  le  d^veloppement  amorefe  d£s  le  d£but  des  annees  1960 
des  moyens  de  calcul  et  de  mod^lisation  tels  que  les  Moments  finis,  ainsi  que  le 
d6veloppement  des  moyens  de  simulation  et  d'essai, 


i  experience  acquise  par  ies  .services  -rririeis  et  ;naust rieis  au  leavers  aes 

accidents  el  des  pr  ok.  I  ernes  surven:;s  en  service, 

les  ense  ignement  s  tires  des  programmes  natioaaux  et  internal  inriacx  ainsi  que  des 
travaux  de  cooperation, 

la  pa  rat.  i  on  er.  i  9t0 ,  1 9  ?  i  et  1  “» 7  4  des  r.r.jvei>s  editions  des  reglener.t  s  mi  1 ;  t  a  :  r«*s 

a  me  r  i  ca  ms, 

la  volonte  de  parvenir  a  ur.e  norite  suf  t  isamnent  claire  er  exploitable  exp* rim.ee 
conjoint. ement  par  les  Awt.orites  competent.es  et  les  indast.r:els, 

le  soa-'i  d’about.r  a  cr.e  cer<  aine  homogene ;  c  e  as  r.ivea  i  des  req  ioner.t  s  i  er. 

vae  d  ’  event  ue  1  les  noivel  les  cooperations)  et  des  reo  Ler.er.*  civ:.-  (**:.  v.e  ie 
possibles  aeveioppements) . 

Ains : ,  1'exempie  fousni  par  la  v  i*  esse  de  chat  e  1  incite  iefir.ie  dans  .a  r.c  rme  f  rar.ga :  se 
fiappant  .  Cette  vitesse  de  create  liir.ite  tend  a  re  rapprocher  ie  ceiie  preccnisee  par  .a 
locme  MIL.-A-8862A  (Fin./)  et  de  cello  re  comma  ndee  par:  les  regiements  civils  r'AR  ib  .'A?  2  £- . 
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Eooie  et 

VITr-’SF.  DE  ErV  ta  Ir.ement. 
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en  ii!./ s _  C  1  rtaal  uue 

'  VITESSE  DE 
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Polds  normal  Pold?  maximal 
_  d  '  at  t  er  t  lasatje  3  at  tevi  1 3 sage 

_ 3.  56 _ 2,6  _ _ 

_ 3,  05 _ _  ‘  _ 

au  poida  datterrlsr  ^e) 


1 1  est  interessant  de  rappeler  a  ce  propos  que  le  regiement  JAP-  2:>  impose  jne  vitesse 
lirnite  de  descent.e  de  3,05  m/s  (1C  fps)  a  la  masse  de  oalcul  a  '.'at  ter rissaqe  et  -j.-.c 
vitesse  limite  de  descent**  de  1,83  m/s  (6  fps)  a  la  masse  de  calcul  au  decc  1  iago .  En  ou* re, 
•ce  realement  prend  en  compte  les  cas  d'atterr issage  en  iigne  de  vol,  1  *«?  ;as  ce  ripe, 
mise  en  rotation,  de  ret our  £lastique,  ae  rebonds  &  1 '  at  t  er  r  i  s  sage,  de  mulement 
j^coilage,  de  manoeuvres  au  sol,  de  virage,  de  f reinage,  d'amarrage,  de  levage,  de  hiss.-icc 
abordes  dans  la  norme  AIR  2004  E. 

bien  entendu,  le  rapprochement  entre  normes  n’est  pas  total;  des  differences  exist en*  e* 
subs i stent  malgre  tout.  One  illustration  est  donr.ee  par  le  tab.eau  presence  en  F:: 
reiatif  aux  r.ormes  AIR  20 04  E  *'t  MIL-A-8S62A. 


_ NORMES _ 

Cc^ff Icient. 
de  s#curit6 
CE  -  e  CL 
Att  er  r Issage 
t  rol  a 

composantea 
Var lat lor 
du  condi t lonnement 
noml na 1 

de  !  ' att  e t  r i sseui 

_ Remcrquage _ 

Levage 


AIR  2004F, 

1,3 

MIL-A  8862A 

1.5 

ou  1 

non 

pneu 

amort  1  ssem 
pneu 

0 ,  £  MO  q 

0.3  Md  q 

Rv  -  1,2  R 
Rh  *  C, 3  R 

Rv  -  1 , 3S  R 
Rti  -  7,4  R 

caa  different*  1 

ri  Evolutions  envi sageab Les 

I.  o»mr'.e  a*.;  iourd  *hu  i  r.eressaire  de  fa  ire  ev  .a  norme  AIR  2; -Cm  E  jai  date  do  1  i  >  '•  al:r. 

gc'eii*"*  re  port  de  au.x  exigences  nouvei  les  des  avions  de  rombn  *'  mc<jer nes  . 

"r.  certain  rmmhce  de  points  peuvent  et  re  d’ores  er  de  a  sou  1  eves  dans  le  doma ; ne  des 
charges  a a  ?'d  : 


rex*  va  iuat  ion  de  ia  vitesse  norm  ale  d  ‘at  terr  i  ssacre , 

redefinition  du  cas  de  decollage  en  configuration  normaie  leas  de  rotation  au 
decollage  ou  le  coefficient  1,7  donnant  la  charge  verticaie  a  appl iquer  en  statique 
sur  cnaque  atterrisseur  (1,7  2s)  est  a  revoir  A  la  hausse), 

prise  en  compf  e  eventueiie  des  Evolutions  au  sol  (notammer.t  sue  pistes  sommairement 
r^pa  rees i , 

prise  pr  corr.pt e  du  cas  des  avions  marins  par  un  r^qlernent  national  adapts. 
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1-2  HQRttSS  AMERICA I MSS 

L'e'olution  des  reglements  aux  U.S.A.  est  importante  tant  dans  le  nombre  des  normes 
redigees  que  dans  les  changements  apportes . 

La  norme  MIL-A-8862  A  relative  aux  avions  terrestres  succede  par  exemple  en  1971  a  la 

norme  Hli  A-8862  ASG;  elle  se  distingue  de  celle-ci  par  1 'expression  d'une  valeur  de 

vitesse  de  chute  extreme  et  une  approche  plus  complete  des  cas  de  virage  et  de  roulement  au 
sol . 

Toutefois,  c'est  la  norme  MIL-A-8863  ASG  datant  de  1960  et  relative  aux  avions  embarques 
qui  illustre  avec  plus  de  nettete  1 ' importance  des  changements  enregistr^s. 

C'est  avec  elle  en  effet  qu'est  introduit  le  concept  de  combinaison  multivariable.  Grace  a 
ce  concept,  les  cas  de  calcul  a  1 ' atterrissage  ne  sont  plus  definis  de  maniere  fig^e  mais 

sont  selectionnes  sur  la  base  de  distribut ions  statistiques  de  differents  parametres 

d  'atterrissage . 


Ainsi  la  noi.t“  MTL-A-8863  ASG  pr6sente  les  conditions  initiales  d ' impact  sous  ia  forme 
d'une  combinaison  de  la  vitesse  de  chute,  de  i  'angle  de  roulis  et  de  la  vitesse 
d'engagement  satisfaisant  l1 Equation  d'un  ellipsoixie 

a (Vv  -  VVm)2  +  b {TETA  -2)2  +  C(VE  -  VEm)2  =  1  . 

fps  Oecpecs  fps 

La  norme  MIL-A-8863A  (1974)  conserve  le  principe  de  combinaison  multivariable;  elle 

1'etend  d'ailleurs  a  huit  parametres  qui  sont  les  parametres  suivants  : 

vitesse  d'approche,  vitesse  d'engagement,  vitesse  de  chute,  angle  de  roulis, 
angle  de  tangage,  angle  de  lacet,  taux  de  roulis,  distance  d ' excent rement  par 
rapport  a  l'axe  de  la  piste. 

Ces  parametres  sont  rassembiy  et  explicites  le  tableau  (Fig. 4)  extrait  de  la  norme. 
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Figure  4 


La  norme  MXL-A-8063B  qui  remplace  en  1987  la  norme  MIL-A-8863A  emprunte  la  structure  de 
cette  derni£re.  Les  modifications  majeures  qui  sont  faites  ont  trait  au  cas  d* "atterrissage 
arrondi  avec  arrfet  dans  les  brins"  pour  lequel  la  valeur  moyenne,  l'6cart-type  et  le 
coefficient  d ’ inclinaison  (loi  de  Pearson)  de  la  vitesse  de  chute  sont  red^finis  avec  les 
probability  associ6es  cor respondantes . 


II  COMPARISON 


Les  normes  AIR  2004  D,  AIR  2004  E,  MIL-A-8862A  et  MIL-A-8863A  pr^se^tees  succinctement  dans 
le  paragraphe  pr6c6dent  sont  appliqu£es  au  SURER  ETENDARD  et  au  MIRAGE  2000  afin  d'evaluer 
leur  influence  sur  les  cas  de  charges,  les  efforts  resultants  et  sur  le  dimensionnement  et 
la  masse  des  atterr isseurs . 

L'accent  est  mis  plus  specialement  dans  cette  etude  sur  le  M!RAGE  2000  et  sur  le  concept 
multivariable  developpe  dans  la  norme  MIL-A-L863A. 


II-l  CAS  DE  CHARGES  POOR...  PM  AVION  EMBARQUE 

AERlCAZIfla  ALL  SQggR  &ZBHPABP 

La  norme  MIL-A-8863A  examine  la  resistance  d'un  avion  embarqu6  pour  les  types 
d ' atterrissages  ci-apr&s  : 

I  Pos6-d6colle  et  arret  dans  les  brins  sur  porte-avions 

II  Pos6-d6coll&  et  arret  dans  les  brins  sur  terrains  courts  ou  aemi-prepar6s 
EntraSnement  a  l’appontage  sur  pistes  prepares 

III  Atterrissage  arrondi  avec  arret  dans  les  brins  sur  pistes  pr6par§es 
Atterrissage  arrondi  sur  piste  prepares 

IV  Atterrissage  Simula  par  essais  en  laboratoire 

L'analyse  des  cas  de  presentation  (cas  multivariable  et  cas  forfaitaires  d * atterr issage 
trois  points,  d'atterrissage  cabre  et  d'engagement  avant  impact)  est  instructive. 

Elle  permet  de  balayer  un  grand  nombre  de  cas  et  d’isoler  ceux  susceptibles  d’etre  a 
l’origine  de  problemes  structuraux. 


L'atterrissage  "Pose-d6coll6  et  arret  dans  les  brins  sur  porte-avions"  conduit  pour  les  cas 
les  plus  s£v6res  d  une  valeur  de  vitesse  de  chute  maximale  de  7,64  m/s  dans  des 
configurations  d'atterrissage  cabre  (centrage  arrive) ,  d'atterrissage  trois  points 
(centrage  avant  et  angle  de  roulis  6gal  d  0°  et  2°)  et  pour  un  des  cas  multivariables. 

En  revanche,  les  cas  de  charges  en  ce  qui  concerne  les  atterrissages  de  type  II  et  III  sont 
moins  s6v£res  puisque  les  vitesses  de  chute  maximales  obtenues  sont  £gales  respect ivement  a 
5, 50  m/s  et  3,05  m/s . 

L'analyse  des  cas  de  presentation  fait  done  ressortir  une  difference  importante  (30%)  ent-e 
la  valeur  de  vitesse  de  chute  la  plus  61ev6e  obtenue  avec  la  norme  MIL-A-8863A  (7,64  m/s) 
et  la  valeur  retenue  dans  les  Clauses  Techniques  pour  le  dimensionnement  des  atterrisseurs 
du  Super-Etendard  qui  est  de  5,50  m/s  1 . 

II  est  probable  qu'un  tel  ecart  se  traduise  pat  des  efforts  importants  au  niveau  du  train 
principal  pour  l'atterrissage  cabr6  (centrage  arri^re)  et  des  efforts  importants  au  niveau 
du  train  auxiliaire  pour  l'atterrissage  trois  points  (centrage  avant) . 

Bien  qu'aucun  calcul  d'efforts  au  sol  suivant  la  norme  MIL-A-8863A  n'ait  en  fait  6t6  men6 
avec  ces  cas  de  charges,  il  est  raisonnable  de  penser  que  1 1  application  de  cette  norme 
remette  en  cause  le  dimensionnement  des  trains  d'atterrissage  du  SUPER  ETENDARD. 


II-2  AVION  TERRXSTRA 

APPLICATION  AH  MIRAGE  2000 

II-2.1  Cas  de  charges 

La  norme  MIL-A-8862A  impose  l’6tude  des  atterrissages  pour  une  vitesse  de  chute  limite  de 
3,05  m/s. 


La  norme  MIL-A-8863A  prend  6galement  en  compte  la  rfesistance  d'un  avion  de  type  avion 
terrestre.  Les  atterrissages  d^finis  dans  la  norme  sont  les  atterrissages  arrondis  sur 
pistes  pr6par6es  et  atterrissages  simul6s  par  essais  en  laboratoire. 


Une  analyse  des  cas  de  presentation,  analogue  A  celle  faite  pour  le  SUPER  ETENDARD,  est 
r6alis6e  pour  le  MIRAGE  2000  et  donne  les  r^sultats  suivants. 


1  cette  valeur  est  issue  d'un  compromia  entre  la  norms  anglaise  Av. p.970  (Design  Requirements  for  Aircraft 
for  the  ROYAL  AIR  fORCE  and  ROYAL  NAVY)  et  la  norme  AIR  2004  D. 


Les  cas  dimensionnants  sont  les  suivants  :  appontage  trois  points,  portance  tquilibrant  les  deux-tiers  du 
poids  pour  le  train  d'atterrissage  auxiliaire  /  appontage  sur  les  atterrisseurs  princ.V*ux  queue  basse  et 
queue  haute  pour  le  train  d'atterrissage  principal) 
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Les  cas  de  presentation  4  1  * atterrissage  (cas  multivariable  et  cas  forfaitaires 
d’atterrissage  cabr£)  conduisent  pour  certains  d'entre  eux,  c ' cSt-4-dire  pour  les  cas  les 
plus  s£v£res,  4  une  vitesse  de  chute  maximale  de  3,05  m/s.  Cette  vitesse  de  chute  est 
16g£rement  sup£rieure  4  la  vitesse  normale  d ' atterrissage  d£finie  dans  la  norme  AIR  2004  D 
(2,8  m/s)  qui  a  6t£  prise  comme  valeur  de  r£f£rence  pour  le  dimensionnement  des 
atterriseurs  du  MIRAGE  2000. 


1 1-2. 2  R6pgnae..,de  i1  avion 

Les  cas  de  charges  permettent  de  calculer  les  efforts  et  notamment  : 

-  l’effort  vertical  au  sol  correspondant  4  1' instant  ou  le  coefficient  de  frottement 
pneu/sol  atteint  sa  valeur  maximale  (sensiblement  6gal  4  l’effort  au  sol  en  cours 
d’enfoncement) 

-  l’effort  vertical  au  sol  maximal 

-  les  efforts  relatifs  aux  cas  de  rip£  (int£rieur  et  ext£rieur) ,  de  mise  en  rotation  et 
de  retour  £lastique. 

La  comparaison  des  efforts  issus  de  1 ' application  des  diff£rentes  normes  suggere  des 
commentaires  diff£rents  suivant  qu'il  s'agisse  du  train  d' atterrissage  principal  ou  du 
train  d'atterrissage  auxiliaire. 


a)  Train  principal 

Les  tableaux  et  les  graphiques  pr£sent£s  en  Fig. 5.,  Fig.  6a/ 6b  et  Fig.  7  relatifs  au  train 
principal  du  MIRAGE  2000  am£nent  diverses  remarques. 

La  norme  MIL-A-8863A  donne  un  effort  en  cours  d'enfoncement  et  des  efforts  de  mise  en 
rotation  et  de  retour  £lastique  comparables  4  ceux  obtenus  avec  la  norme  AIR  2004  D.  La 
difference  la  plus  significative  concerne  1 ’effort  au  sol  maximal  (9%),  l’effort  lateral 
dans  le  cas  de  ripe  int£rieur  (21%)  et  l’effort  vertical  dans  le  cas  de  ripe  ext£rieur 
(11%) 

La  norme  MIL-A-8862A  est  globalement  16g£rement  plus  severe  que  les  normes  AIR  2004  D  et 
MIL-A-8863A,  cas  de  ripe  mis  4  part. 

La  norme  AIR  2004  E  est  la  plus  severe  des  normes.  Dans  le  cas  du  retour  £lastique  et  de  la 
mise  en  rotation,  les  efforts  au  sol  d£passent  de  29  %  les  efforts  correspondents,  calcuies 
4  partir  de  la  norme  AIR  2004  D;  dans  le  cas  de  ripe  ext£rieur,  l’£cart  est  considerable 
puisqu’il  est  de  68%. 


ATTERAISSEUR 

PRINCIPAL 


Effort  sn  cours  d’enfoncement 
suivant  la  norme  MIL-A-8863A 
(atterrissaae  cabrA)  (en  kN) 

82,0 

Effort  en  cours  d'enfoncement 
retenu  pour  le  dimensionnement 
(norme  AIR  2004  D)  (en  kN) 

79,8 

Difference  en  % 

3 

Effort  au  sol  maximal 
suivant  la  norme  MIL-A-8863A 
(atterrissaae  cabrA)  (en  kN> 

135,0 

Effort  au  sol  maximal 

retenu  pour  le  dimensionnement 

124,0 

(norme  AIR  2004  D)  (en  kN) 

_ PUf«ranc»  an  > _ 

9 

Effort  au  sol  maximal  suivant  la  norms 
MIL-A-8862A  :  130,8  KN 


Figure  5 


Figure  7  Figure  6b 
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fc)  Train  auxiliaire 

Les  calculs  ont  trait  dans  cette  partie  au  train  auxiliaire  du  MIRAGE  2000  avec  application 
des  normes  AIR  2004D  et  MIL-A-8863A.  Les  r6sultats  sont  int^ressants . 

L’effort  en  cours  d*enfoncement  (Fig. 8)  et  les  efforts  de  mise  en  rotation  et  de  retour 
61astique  (Fig.  9a/9b)  d£termin6s  a  partir  de  la  norme  MIL-A-8863A  sont  61ev6s . 

Le3  cas  de  rip6  sont  trds  s§v6res;  ils  se  distinguent  par  des  efforts  trois  fois  plus 
importants  que  ceux  d^finis  &  partir  de  la  norme  AIR  2004  D. 


ATTERRISSEUR 

AUXILIAIRE 


46.0 

Effort  en  cours  d'enfoncement 

cetenu  pour  le  dimensionneroent 

(norme  AIR  2004  D)  (en  kN) 

37.2 

Difference  en  % 

24 

Effort  au  sol  maximal 
suivant  la  norme  MIL-A-8863A 

(atterrlssaoe  cabr«>  (en  kN) 

77,0 

68,  7 

Difference  en  % 

12 

Figure  8 


ATTERRISSEUR  AUXILIAIRE  DU  MIRAGE  2000 
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Figure  9a 
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Figure  9b 


11-2 .3  Dimensionnement 

Le  dimenaionnement  de  1 'atterrisseur  principal  du  MIRAGE  2000  a  6t£  r6aiis£  vis  A  vis  des 
charges  obtenues  par  application  des  normes  AIR  2004  D  et  MIL-A-8862A.  Ce  dimensionnement 
n’a  pas  tenu  compte  du  cas  "hors  norme"  de  pointe  d'effort  au  d^collage. 

Le  bilan  de  masse  resultant  de  ce  dimensionnement  fait  apparaitre  un  ecart  relativement 
faible  entre  1 'atterrisseur  principal  du  MIRAGE  2000  dimensionnfe  suivant  la  norme  AIR  2004 
D  et  1 ' atterrisseur  principal  du  MIRAGE  2000  dimensionn£  suivant  la  norme  MIL-A-8862A 
(Fig. 10) . 


figure  10 
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Le  bilan  de  masse  global  qui  met  en  Evidence  une  augmentation  de  poids  de  l'atterrisseur  de 
0,8%  en  "d6faveur"  de  la  norme  MIL-A-8862A  <i.e.  cette  norme  conduit  &  un  train  plus  lourd) 
est  compl6t6  par  une  analyse  pour  chaque  616ment  constituant  le  train  d ' atterr issage . 
Celui-ci  r6v61e  des  differences  sensibles  en  fonction  de  la  partie  consid6r£e  (Fig. 11). 


Figure  11 


Compte-tenu  de  ce  bilan  de  masse,  et  dans  la  mesure  ou  les  efforts  determines  £  partir  des 
normes  MIL-A-8863A  et  AIR  2004  D  sont  proches,  il  est  raisonnable  de  penser  que  le 
dimens ionnement  actuel  du  train  d' atterrissage  principal  du  MIRAGE  2000  ne  devrait  pas 
subir  de  modifications  majeures  par  application  de  la  norme  MIL-A-8863A,  et  ceci  meme  en 
cas  de  variation  de  condit ionnement  nominal  de  l'atterrisseur  (pression  d'air  et  volume 
d'huile  de  1 'amort isseur,  pression  des  pneumat iques)  qu ' impose  la  norme  americaine. 


En  revanche,  il  est  clair,  d  la  vue  des  r^sultats  pr6sent£s  au  paragraphe  II-2.2,  que  le 
dJ mens ionnement  actuel  du  train  d'atterrissage  auxiliaire  du  MIRAGE  2000  serait  remis  en 
cause  par  1 'application  de  la  norme  MIL-A-8863A . 
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CONCLUSION 

L'6tude  comparative  commandee  par  le  Service  Te.mique  des  Programmes  A£ronautiques,  dont 
rendait  compte  cette  presentation,  permet  de  .lettre  en  evidence  un  certain  nombre  de 
points  importants. 

Le  premier  d'entre  eux  concerne  les  conclusions  auxquelles  conduit  1 ' appl icat ion  de  la 
norme  MIL-A-8863A.  Ces  conclusions  sont  differentes  suivant  la  nature  de  1 'avion  consider 
(avion  marin:  SUPER  ETENDARD  et  avion  terrestre:  MIRAGE  2000). 

En  effet,  les  exigences  de  la  norme  MIL-A-8863A  se  traduisent  par  u  le  remise  en  cause  du 
dimensionnement  de  1 'atterrisseur  auxiliaire  et  de  1 ' at ter r isseu r  principal  du  SUPER 
ETENDARD  alors  qu'elles  n'affectent  pas  signi f icat ivement  le  dimensionnement  de 
1 'atterrisseur  principal  du  MIRAGE  2000. 

Le  second  point  interessant  porte  sur  les  normes  MIL-A-8862A  et  AIR  2004  D  et  concerne  plus 
part iculi^rement  1 ‘influence  de  ces  normes  sur  le  bilan  de  masse  total  de  1 'atterrisseur 
principal  du  MIRAGE  2000. 

L'6cart  de  poids  entre  1 'atterrisseur  principal  du  MIRAGE  2000  dimensionn£  d'apr^s  la  norme 
AIR  2004  D  et  le  meme  atterrisseur  dimensionne  d’apres  la  norme  MIL-A-8862A  est  faible.  Les 
repercussions  sont  done  relativement  peu  importantes  du  point  de  vue  du  bilan  de  masse 
total , 


L'interSt  que  revet  le  concept  multivariable  contenu  dans  la  norme  MIL-A-8863A  et  conserve 
dans  la  norme  MIL-A-8863B  doit  etre  souligne.  II  const itue  le  troisieme  point  clef  de 
1  etude . 

Ce  concept  permet  une  description  plus  souple  des  cas  d' atterri ssage  puisque  les  conditions 
initiales  d  impacts  ne  sont  plus  fig£es  mais  sont  donn6es  sous  la  forme  d'une  combinaison 
multivariable  de  plusieurs  param.etres.  En  fait,  il  off re  surtout  l'avantage  de  definir  les 
cas  d 'atterrissages  de  fagon  plus  rationnelle  et  plus  proche  des  situations  r£elles. 

L’6tude  montre  toutefois  la  n£cessit£  de  choisir  correctement  les  valeurs  de  base  du 
concept  multivariable  (la  vitesse  d'approche  minimale  en  atmosphere  tropicale  par  exemple) 
et^  obligation  pour  cela  <1' avoir  recours  a  des  campagnes  d'essais  ou  a  des  informations 
suffisamment  fiables  et  representatives. 
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SUMMARY 

During  the  different  phases  of  development  from  feasibility  studies  to  the  final 
design,  the  landing  gear  designer  applies  increasingly  refined  methods  of  analysis  to 
derive  the  loads  to  which  the  system  is  designed.  Future  design  procedures  should 
reflect  such  a  staged  approach  leading  to  designs  which  are  fully  optimised  with  the 
aid  of  rational  methods  of  analysis  to  meet  the  complete  range  of  aircraft  operating 
conditions . 

Based  on  experience  gathered  from  various  projects  the  design  process  is 
described.  Comparisons  are  made  of  design  load  cases  obtained  using  current  landing 
gear  requirements  and  those  derived  by  rational  analysis.  These  comparisons  are  made 
for  the  critical  phases  of  landing  touchdown,  derotation  onto  the  nosegear,  landing 
roll  out,  repaired  runway  operation,  etc.  The  application  of  the  rational  method  of 
analysis  to  determining  aircraft  operating  envelopes  under  asymmetric  landing 
conditions  is  also  discussed. 

Finally  areas  of  work  are  identified  which  need  addressing  further,  in  order  that 
a  staged  approach  can  be  adopted  completely  in  the  future  military  landing  gear  design 
procedures . 


1.  INTRODUCTION 

A  staged  approach  for  landing  gear  design,  which  runs  in  parallel  and  in  phase 
with  that  used  for  the  aircraft  is  required  in  order  to  achieve  an  optimum  design  for 
the  complete  system.  In  the  Feasibility  Stage,  the  aircraft  design  criteria  must  be 
formulated,  the  basic  design  data  for  the  landing  gear  determined,  and  possible 
configurations  of  the  landing  gear  studied.  At  this  stage  a  rapid  method  of  deriving 
initial  design  loads  on  an  empirical  and  an  arbitrary  basis  is  required.  The  second 
st*ge,  or  Initial  Design,  requires  firmed  up  data  and  should  utilise  a  ’rational’  form 
of  analysis  to  examine  in  detail  the  design  load  conditions  which  are  critical  for  the 
landing  gear  and  aircraft  attachment  structure.  Rational  analysis  enables  actual 
optimisation  of  the  shock  absorber  characteristics  to  be  made  at  this  time.  In  the 
third  stage,  or  Final  Design  phase,  the  structural  design  and  shock  absorber 
characteristics  are  fully  optimised  using  a  refined  rational  analysis  taking  account  of 
the  full  range  of  design,  fatigue  and  extreme  conditions  for  the  landing  gear  as  well 
as  the  realistic  operating  requirements  of  the  aircraft. 

Experience  gained  from  applying  such  an  approach  in  a  number  of  recent  projects  is 
used  to  illustrate  where  the  results  of  the  rational  method  differ  from  the  current 
’arbitrary’  conditions  of  existing  design  requirements.  The  examples  considered  show 
sufficient  differences  in  some  basic  design  cases  to  recommend  a  review  of  current 
arbitrary  requirements  and  the  need  for  consideration  of  a  more  formal  requirement  for 
rational  analysis. 

2.  DESIGN  PROCESS 

A  staged  design  process  for  the  landing  gear  in  parallel  and  in  phase  with  that 
used  *or  the  aircraft  is  required  to  achieve  an  optimum  total  system  design.  The 
design  process  breaks  down  into  three  discrete  stages,  Feasibility  Studies,  Initial 
Design  and  Final  Design. 

2.1  Feasibility  Studies 

In  the  first  stage  of  the  design  process  the  following  areas  of  activity  must  be 
addressed: - 

.  compilation  of  Design  Criteria  consistent  with  the  operational  requirements  of  the 

Aircraft  (short  field,  repaired  runway  etc.) 
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.  identif ication  of  devices  which  may  influence  landing  gear  design  loads  (arrestor 

system,  take-off  assistance  etc.) 

.  evaluation  of  proposed  landing  gear  layouts  (track,  wheelbase,  height  etc.) 

.  compilation  of  initial  design  loads  using  ’arbitrary’  cases  of  current 

requirements 

.  initial  estimation  of  landing  gear  system  characteristics  (shock  absorber  spring 
and  damping,  tyre  size  etc.). 

During  this  Feasibility  Design  phase  many  configuration  options  need  to  be 
considered  for  both  the  aircraft  and  landing  gear  design,  therefore  it  is  important 
that  a  rapid  but  realistic  assessment  of  design  loads  can  be  made.  Even  at  this  stage 
it  may  be  feasible  with  today’s  computing  facilities  to  determine  basic  design  lcu:3  by 
dynamic  analysis  in  order  to  provide  better  accuracy  in  configurational  studies. 

2.2  Initia.  Design  Phase 

The  initial  design  pne"'*  includes  the  following  activities 
.  Finalisation  ot  design  configurations  of  aircraft,  landing  gears  etc. 

Update  of  design  criteria 

.  Update  of  design  data  for  the  aircraft  (mass,  centre  of  gravity,  aerodynamics 

etc.)  and  for  the  landing  gear  (mass,  stiffness,  wheel  tyre  and  brake  data  etc.). 

.  Use  of  dynamic  analysis  to  derive  design  loads  by  rational  rather  than  arbitrary 
methods  especially  for  conditions  leading  to  critical  design  loads  for  landing 
gear  or  aircraft  structure. 

.  Definition  of  rational  conditions  in  terms  of  steady  state  pre-conditions  and 
dynamic  transients  for  each  of  the  possible  critical  cases  including  landing 
impact,  dynamic  braking,  retardation  by  arrester  device,  traversing  runway 
obstacle  or  repair. 

Optimisation  of  landing  gear  shock  absorber  characteristics  and  structural 
stiffness  to  produce  a  balanced  set  of  design  loadings  for  the  gear  and  aircraft 
attachment  structure  including  both  limit  and  ultimate  conditions. 

Determination  of  fatigue  loads. 

During  this*  phase  the  envelope  of  design  conditions  is  arrived  at  using  the 
'firmed  up'  information  for  aircraft  and  landing  gear  configuration.  A  'rational' 
analysis  method  is  used  rather  than  an  arbitrary  approach  particularly  for  those 
conditions  which  lead  to  critical  design  cases  for  the  landing  gear  or  aircraft 
structure . 

2.3  Final  Design  Phase 

The  last  phase  of  the  design  process  includes  the  following  activities:- 

Refinement  of  the  defined  rational  conditions  and  final  optimisation  of  the 
landing  gear  snock  absorber  damping  and  stiffness  characteristics  to  achieve:- 

-  the  required  operational  envelope  for  the  aircraft 

optimum  balance  of  the  various  design  loads 

minimum  weight  of  the  landing  gear  and  attachment  structure 

.  Determination  of  the  aircraft  operational  envelopes  within  the  limits  set  by 
landing  gear  strength: 

for  landing,  permissible  combinations  of  aircraft  weight,  sink  rate  roll,  yaw, 
etc  . 

for  taxiing  on  repaired  runways,  permissible  combinations  of  weight,  speed, 
repair  height,  repair  spacing,  etc. 

.  p*ctermin.7*- ion  of  final  design  loads  including  limit,  fatigue  and 
ul t imate . 

.  Consideration  of  deviations  from  traditional  design  methods  (eg.  reduction  in 
ultimate  factor  1.5). 

.  Finalisation  of  fatigue  operating  conditions  (aircraft  weight,  sink  rate  and  pitch 
rate  distribution,  etc.). 
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In  this  final  phase  of  design,  in  addition  to  ensuring  that  the  design  is  fully 
optimised  to  best  meet  the  requirements,  the  aircraft  operational  envelope  should  be 
fully  explored  theoretically  prior  to  subsequent  practical  demonstration  by  rig,  ground 
and  flight  testing  as  hardware  becomes  available. 

3.  DEVELOPMENT  OF  IMPROVED  METHODS  OF  CALCULATION  OF  DESIGN  LOADS 

To  illustrate  the  extent  to  which  improved  'rational1  methods  for  the  calculation 
of  landing  gear  design  loads  may  be  applied  and  to  make  comparisons  with  the 
’arbitrary'  cases  of  current  requirements,  a  number  of  examples  are  considered  below 
which  relate  to  typical  fighter  type  aircraft  and  reflect  experience  gathered  from  a 
number  of  recent  projects.  The  examples  cover  the  range  of  arbitrary  design  conditions 
such  as  landing,  taxiing,  braking,  etc.  and  where  possible  direct  comparisons  are  made 
between  the  arbitrary  and  rational  approaches. 

3.1  Landing  Touchdown 

This  is  the  condition  applying  to  maingear  impact.  To  make  possible  the 
calculation  of  landing  touchdown  loads  it  is  first  necessary  to  transform  aircraft 
operational  performance  requirements  into  landing  touchdown  conditions.  This  means 
expressing  such  things  as  aircraft  configuration,  approach  path,  field  length, 
crosswind  and  runway  condition  in  terms  of  touchdown  parameters  like  aircraft  mass  and 
inertia,  lift  ratio,  sink  rate,  landing  speed,  pitch  roll  and  yaw  angles,  etc. 

This  can  be  done  by  modelling  the  complete  aircraft  as  a  six  degree  of  freedom 
system,  with  fully  representative  aerodynamics  and  setting  up  the  appropriate  touchdown 
rendition  as  a  trimmed  or  balanced  condition  with  lift  equal  to  weight,  zero  pitch 
"""'“nt  ptr,  '"he  comp  l"'*?  aircraft  model  can  then  be  used  to  generate  in  a  ‘rational1 
manner  the  conditions  corresponding  to  specific  ’arbitrary’  cases.  The  landing  gear 
system  must  also  be  modelled  with  proper  representation  of  the  shock  absorber  spring, 
damping  and  friction  components,  the  flexible  structure  of  the  gear  and  attachments, 
the  wheel  and  tyre  assembly  dynamics  and  the  wheel  spin-up  process  under  the  influence 
of  a  slip  dependent  tyre/ground  friction  coefficient  which  gives  rise  to  drag  and 
spring-back  forces  usually  critical  for  the  design  of  the  complete  system. 

A  number  of  features  emerge  from  using  the  rational  approach  for  the  landing 
i-cuchdcwn  which  should  be  taken  into  account  in  reviewing  the  validity  of  current 
arbitrary  design  conditions. 

i '  Today's  fighter  aircraft  touchdown  at  relatively  high  nose-up  angles  and  the 
'three-point'  attitude  of  the  arbitrary  cases  is  an  abnormal  condition. 

li)  Time  varying  lift  forces  due  to  the  sudden  decrease  in  the  angle  of  incidence 
caused  by  rapid  sink  rate  reduction,  to  aircraft  pitch  rotation  and  to  lift 
dumping  devices  during  the  impact  phase  can  significantly  increase  the  energy  to 
be  absorbed  by  the  landing  gear  compared  with  the  arbitrary  consideration  of  lift 
equal  to  aircraft  weight  during  the  whole  landing  impact  phase.  (See  Figure  1) 

iii)  Spin-up  and  spring-back  forces  should  be  derived  using  a  representative  moael  of 
the  flexible  gear  and  support  structure  together  with  a  slip  dependent  tyre  to 
ground  friction  relationship  with  a  maximum  value  of  0.8.  (See  figures  2  and  3). 

iv)  Tyre  side  forces  induced  by  side  slip  due  to  aircraft  yaw,  roll  or  lateral 
velocity  or  by  deflection  of  the  landing  gear  can  lead  to  design  load  combinations 
more  severe  than  those  derived  from  the  arbitrary  design  conditions.  These  are 
often  more  severe  on  the  second  gear  to  touchdown  in  an  asymmetric  landing.  (See 
Figures  4 ,  5  and  6 ) . 

v)  Asymmetric  landings  involving  relatively  small  amounts  of  roll  or  yaw  can 
significantly  reduce  the  sink  rate  capability  where  the  gear  has  been  designed  to 
a  symmetric  landing  only.  Consideration  should  therefore  be  given  to  the 
inclusion  in  landing  gear  design  requirements  of  an  asymmetric  condition  with 
specified  values  of  sink  rate  and  roll  and  yaw  a-.gles. 

vi )  Final  optimisation  of  shock  absorber  characterist ics  and  possibly  structural 
stiffnesses  should  aim  at  producing  a  'balanced'  set  of  landing  gear  design  loads, 
ie.  of  relatively  equal  severity.  These  should  include  typical  (fatigue),  design 
{limit)  and  extreme  {ultimate)  conditions. 

3.2  Landing  De-Rotation 

This  is  the  condition  applying  at  nosegear  impact  with  the  ground.  As  already 
indicated  the  normal  condition  for  most  modern  fighter  aircraft  is  for  the  main  gears 
to  touchdown  with  the  aircraft  in  a  nose-up  attitude,  this  is  followed  by  a  period 
during  which  the  aircraft  pitches  under  the  influence  of  aerodynamic  and  ground  forces 
until  the  nosegear  impacts  the  ground.  This  period  of  pitching  onto  the  nosegear  can 
be  long  compared  with  that  of  maingear  energy  absorption  and  the  influences  of  the 
changing  pitch  attitude  and  aircraft  lift  are  therefore  correspondingly  greater  on  the 
nosegear  energy  absorption  requirements.  Additionally  during  this  interim  period 
between  maingear  and  nosegear  impuct  landing  procedures  such  as  pilot  selected  or 
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automatic  de-rotation,  drag  chute  deployment  or  reverse  thrust  selectors  can  play  an 
even  more  influential  role.  All  these  events  must  be  properly  modelled  to  arrive  at 
the  initial  conditions  and  time  varying  forces  and  moments  required  to  rationally 
predict  nosegear  design  loads. 

From  the  use  of  a  rational  approach  to  the  analysis  of  the  nosegear  impact  the 
following  points  emerge  which  are  considered  relevant  to  a  review  of  the  arbitrary 
defined  requirements. 

i)  The  'vertical'  velocity  at  nose  landing  gear  impact  is  made  up  of  translational 
and  rotational  components,  the  translational  component  beais  little  relationship 
to  the  design  sink  rate  for  the  aircraft  and  the  rotational  component  is  largely 
due  to  automatic  and  pilot  induced  landing  procedures  which  can  depend  upon  the 
particular  type  of  landing  being  performed  (eg.  short  field).  (See  Figure  7). 

ii)  The  lift  at  nose  landing  gear  impact  is  probably  near  to  zero  through  a 
combination  of  the  instantaneous  aircraft  attitude  and  the  fully  deployed  lift 
dumping  devices . 

iii)  Spin-up  and  spring-back  forces  should  be  derived  using  a  representative  model  of 
the  landing  gear  and  support  structure  together  with  a  slip  dependent  tyre  to 
ground  friction  relationship  with  a  maximum  value  of  0.8. 

iv)  For  nosegear  design  asymmetric  landing  conditions  are  generally  of  much  less 
significance  than  the  effect  of  de-rotation  procedures  referred  to  above. 

v)  Optimisation  of  the  shock  absorber  characteristics  should  be  made  using  both  the 
most  critical  of  the  rationally  derived  de-rotation  conditions  and  the  typical 
fatigue  conditions  and  should  aim  to  produce  a  balanced  set  of  design  cases, 
principally  for  vertical  and  drag  loads  in  typical,  design  and  extreme  landings. 

3.3  Landing  Roll-out 

This  is  the  condition  covering  the  decelerating  transition  from  landing  touchdown 
and  de-rotation  to  steady  taxiing  and  is  likely  to  affect  nosegear  loads  particularly. 
Any  retardation  devices  such  as  drag  chutes,  thrust  reversers  or  mainwheel  brakes  need 
to  be  included  in  a  rational  analysis  of  this  phase  with  particular  attention  paid  to 
their  time  dependence,  both  their  sequence  and  rate  of  application.  (See  Figure  8). 

The  following  are  likely  to  be  of  significant  influence  to  the  landing  gear  loads. 

Aircraft  configuration  ( pa> t icul ar 1 y  weight  and  centre  of  gravity  position)  which 
will  determine  the  base  level  load  on  the  gear. 

Steady  incremental  loads  (associated  with  retardation  devices) 

Rate  of  application  of  retardation  devices  which  will  influence  the  dynamic 
magnification  factor  associated  with  application  of  the  incremental  load. 

Operational  procedure  the  aircraft  will  lead  to  definition  of  typical,  design 

and  extreme  conditions  for  ,  phase  and  the  optimisation  of  shock  absorber 
character ist ics ,  particula:  r«uoil  damping  and  nosegear  compression  damping  should 

take  these  fully  into  account.  Indications  obtained  from  adopting  a  rational  approach 
are  that  the  arbitrary  braking  cases  of  present  requirements  do  not.  always  adequately 
cover  loads  resulting  from  realistic  combinations  of  thrust  reversers,  wheel  brakes, 
etc  . 

3.4  Take-off  Run 

This  condition  represents  the  accelerating  take-off  run  and  should  include  the 
sequence  of  events  from  brake  release  to  take-off  rotation. 

The  phase  of  the  take-off  run  most  likely  to  benefit  from  use  of  a  rational 
analysis  approach  seems  to  be  at  the  point  of  aircraft  rotation,  where  aerodynamic 
forces  can  lead  to  significant  incremental  maingear  loads  being  developed.  These  could 

become  critical  for  landing  gear  design  if  taken  in  combination  with  runway  obstacle 

traversing  considered  in  section  3.6  below. 

3.5  Ground  Manoeuvres  and  Handling 

The  various  existing  landing  gear  requirements  include  design  cases  for  a  range  of 
ground  manoeuvring  and  handling  conditions  which  evolve  from  a  vast  amount  of 
experience  and  have  been  shown  to  be  realistic  by  application  on  many  different  types 
of  aircraft.  Of  the  many  conditions  covered  two  are  worthy  of  further  consideration  in 
the  context  of  a  rational  method  of  analysis. 

Firstly,  the  condition  of  sudden  braking  which  needs  not  necessarily  occur  in  the 
landing  roll  out  phase  (3.3  above)  but  could  be  associated  with  very  slow  taxi  speeds. 
Adverse  phasing  of  the  aircraft  pitch  frequency  and  the  time  to  develop  peak  brake 

torque  can  lead  to  transient  loads  on  the  nosegear  in  excess  of  those  derived  from  the 


arbitrary  approach.  However,  by  including  a  rational  analysis  of  the  condition  in  the 
shock  absorber  damping  optimisation  process,  it  is  usually  possible  to  keep  the  loads 
arising  from  this  case  within  the  envelope  of  other  design  cases. 

Secondly,  for  the  turning  condition  arbitrary  requirements  are  based  on  a  lateral 
acceleration  level  of  0.5  g  which  can  lead  ro  landing  g<*ar  design  conditions 
particularly  for  multi-wheel  configuration  maingears  on  large  aircraft.  It  is 
suggested  that  use  of  an  ai.-l^L..  which  p^pcrly  accounts  for  the  taxiing  manoeuvres 
and  the  rational  distribution  of  tyre  forces  on  mu  1 1 1 -whee 1 ed  gears  consistent  with 
c he  associated  roll  and  yaw,  could  lead  to  a  reduction  in  severity  of  design  loads  for 
this  case. 

3.6  Repaired  Runway  Operations 

The  inclusion  ot  repaired  runway  operations  is  a  relatively  recent  addition  to 
most  landing  gear  design  requirements.  There  is  therefore  little  or  no  background  of 
arbitrary  approach  against  which  to  evaluate  the  advantages  of  rational  analysis. 

Fui  flier  it  is  the  one  area  to  which  some  form  of  rational  analysis  has  beer,  employed 
from  the  outset  probably  because  the  complexity  of  the  problem  makes  it  difficult  to 
break  down  into  equivalent  arbitrary  conditions. 

Care  is  needed  when  defining  the  aircraft  operational  requirements  on  repaired 
runways  since  the  super-position  of  runway  repairs  and  the  most  severe  of  the  design 
cases  discussed  above  will  obviously  produce  design  cases  of  increased  severity. 
Consideration  needs  to  be  given  therefore  to  which,  if  any,  of  the  above  operating 
phases  needs  to  be  associated  with  damaged  or  repaired  runways  and  whether  some 
combinations  of  repaired  runway  crossing  and  certain  of  the  above  manoeuvres  could  be 
treated  as  extreme  cases  subject  to  reduced  design  strength  factors. 

The  use  of  rational  analysis  is  essential  to  determine  the  influence  of  runway 
repairs  on  landing  gear  design  loads.  In  addition  to  the  modelling  requirements 
already  described  the  repair  profile  and  tyre  model  must  be  fully  representative  and 
the  integration  procedure  must  be  capable  of  retaining  sufficient  accuracy  of  solution 
during  the  very  rapid  discontinuities  associated  with  crossing  repairs  at  hiqh  speed. 

A  design  load  investigation  should  include  the  following  conditions  in  order  to 
determine  their  influence  on  landing  gear  design. 

.  Single  and  multiple  repairs  with  realistic  variations  of  repair  height,  repair 
spacing  and  aircraft  speed.  (See  Figure  9). 

Super-position  of  single  ar.d  adversely  spaced  repairs  with  steady  state  conditions 
such  as  braking  or  reverse  thrust. 

Super -posi  t  ion  of  single  and  adversely  spaced  repairs  with  landing  and  de-rotat.  ion 
phases  using  typical  values  of  significant  parameters  such  as  sink  rate  and  pitch 
rate.  (See  Figure  10). 

Super-position  of  single  and  multiple  repairs  with  the  extreme  cases  from  the 
various  phases  in  3.1  to  3.5  above. 

Experience  to  date  suggests:- 

i>  By  including  repair  capability  from  the  outset  in  the  design  optimisation  of 

landing  gear  shock  absorbers  a  good  capability  can  be  achieved  with  relatively 
small  penalty  to  the  design  especially  when  ultimate  obstacle  heights  are 
considered . 

11)  Superimposing  repair  capability  on  top  of  every  existing  design  condition  will 
severely  penalise  the  landing  gear  design. 

iii)  The  most  damaging  design  conditions  result  from  the  super-position  of  repair 

requirements  and  landing,  de-rotation,  or  take-off  rotation  phases  which  produce 
particularly  severe  increments  in  vertical  and  drag  (spin-up  and  spr ing-back *  load 
combinat ions . 

4.  FURTHER  APPLICATIONS  OF  THE  RATIONAL  APPROACH 

The  preceding  section  3.  shows  that  existing  methods  of  rational  analysis  can  be 
applied  to  the  various  design  conditions  of  the  arbitrary  method  ot  deriving  landing 
gear  design  loads  to  illustrate  the  differences  between  the  two  procedures.  A  further 
extension  to  the  use  of  the  rational  approach  is  to  examine  the  basis  of  the  typical, 
design  and  extreme  conditions  used  to  determine  fatigue,  limit  and  ultimate  loads 
respect i vel y . 

Existing  requirements  typically  specify  the  landing  gear  design  conditions  in 
terms  of  sink  rate  (typically  12  fps  or  3.7  m/s)  pitch  angle  range,  aircraft  lift  equal 
to  weight  and  zero  angles  of  roll  and  yaw.  These  specified  conditions  define  the 
energy  to  be  absorbed,  from  which  design  loads  (limit)  can  be  generated.  These  design 
loads  include  drag  loads  due  to  wheel  spin-up  and  sideloads  from  an  arbitrarily  defined 
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lateral  drift  case  derived  from  the  maximum  vertical  load.  Together  with  other 
non-landing  conditions  covering  braking  and  turning  these  loads  determine  the  landing 
gear  basic  strength  level. 

In  a  rational  analysis  values  of  parameters  other  than  those  specified  for  the 
design  conditions  can  be  examined  to  determine  their  influence  on  gear  loads  and  maybe 
for  their  restrictive  influence  on  aircraft  performance,  where  the  rationally  derived 
loads  exceed  gear  strength  capability.  Such  use  of  rational  analysis  has  identified  at 
least  two  areas  while  further  examination  is  suggested. 

First  is  the  case  for  inclusion  of  asymmetric  landing  conditions  in  current  design 
requirements.  It  has  been  found  that  introducing  typical  values  of  roll  and  yaw  into  a 
rational  analysis  of  the  landing  condition,  which  already  includes  effects  such  as  lift 
reduction  due  to  aircraft  rotation,  etc.,  can  lead  to  sideloads  in  excess  of  the 
arbitrary  design  levels.  Further  the  reduction  in  sink  rate  required  to  compensate  for 
these  asymmetries  can  be  quite  restrictive  on  the  aircraft's  operating  envelope  (sink 
rate  reduction  3.7  m/s  to  3.2  m/s). 

Increasing  the  roll  and  yaw  values  to  correspond  to  maximum  crosswind  landing 
levels  can  lead  to  even  greater  restrictions  on  the  operating  envelope  (typically 

3.2  m/s  to  2.6  m/s),  a  lev«l  which  maw  be  incompatible  with  aircraft  short  field 
approach  procedures. 

Secondly,  it  can  be  shown  that  the  loads  resulting  from  rational  analysis  wi-h 
parameter  values  appropriate  to  extreme  (or  ultimate)  conditions  are  generally  below 
the  level  of  the  1.5  ultimate  factor  specified  in  some  requirements.  This  suggests 
that  ultimate  strength  factors  could  be  reduced  where  it  can  be  shown  that  predicted 
loads  for  extreme  conditions  are  less  than  1.5  times  limit  loads. 

Any  such  approach  should  give  due  consideration  to  the  fol lowing 

Extreme  conditions  need  to  be  defined  in  terms  of  agreed  combinations  of  all 
relevant  parameters  including  roll,  yaw  and  crosswinds  in  addition  to  sink  rate, 
lift  ratio,  etc . 

.  The  sensitivity  of  predicted  extreme  loads  to  effects  such  as  bottoming  or 

impaired  functioning  of  shock  absorbers  or  tyres  should  be  fully  explored.  Since 
the  probability  of  occurrence  of  such  effects  is  increased  near  to  the  boundaries 
of  design  performance. 

.  The  benefits  of  a  design  approach  involving  reduced  ultimate  strength  factors  and 
the  consequent  increased  risk  of  structural  failure  should  be  assessed  against  the 
alternative  of  designing  to  ensure  continued  functioning  of  the  shock  absorbei  at 
extreme  conditions  as  in  some  helicopter  requirements. 

5.  CONCLUSIONS 

5.1  The  need  for  a  rapid  method  of  deriving  initial  design  loads  on  an  'arbitrary' 
basis  will  continue  to  exist  anci  consideration  should  therefore  be  qiv-n  to  the 
validity  of  *  he  currently  defined  landing  gear  design  cases  ot  some  requirements. 

5.2  The  comparisons  made  in  section  i  highlight  some  differences  in  landing  gear 
design  loads  derived  from  the  'arbitrary'  method  of  existing  requirements  and  a 
'rational*  analysis  method  taking  account  of  all  t  tie  relevant  parameters  for  the 
various  design  conditions. 

5.3  The  value  of  a  ’rational'  method  of  analysis  is  very  rlt-ot  both  det  erm  l  n  irq 
landing  gear  design  loads  and  aircraft  oper  .ting  envelopes,  and  consider  at  : m 
should  be  given  to  makinq  this  a  more  formal  requirement  for  landing  gear  design. 

5.1  Further  work  in  the  areas  listed  below  is  considered  necessary  m  order  to  apply 
completely  t  lie  staged  approach  to  future  military  landing  gear  design  pi  <-■<••  ••da  i  e*. . 

Asymmetric  landing  cases  for  the  landing  gear  design 

Real  stic:  oprrat.  ing  envoi  :  {.  a  s  for  the  aircraft  landing  t  nv.iit  ioi.s 

.  Opera*  lonal  requirements  relat  ing  *  <>  damaged  i  op  a  1 1  od  t  unways 

.  Designing  for  extreme  or  ultimate  conditions 

6.5  Future  undercarriage  design  work  should  be  based  on  the  no  railed  staged  design 

approach  with  increasingly  refined  methods  of  calculation  dependent  on  the  design 
phase.  Arbitrary  cases  should  bo  ref ined  by  rat  iona!  cases.  Single'  desiqn 
conditions  should  be  refined  by  super -posit  ion  and  sequences  of  steady  and 
transient,  conditions  simulated  by  means  of  rat  iona’  methods. 


LIFT  DECAY  DURING  MAINGEAR  IMPACT  SIMPLIFIED  SLIP  DEPENDENT 

TRACTION  COEFF.  OF  FRICTION 
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SUMMARY 

Under  Project  'Have  Bounce'  (HB) ,  the  USAF  successfully  determined  the  level  of 
surface  roughness  that  could  be  tolerated  by  most  aircraft  in  the  inventory.  The 
runway  roughness  capability  of  each  aircraft  was  determined  by  developing  a 
sophisticated  computer  model  of  each  aircraft.  In  most  cases  these  computer  models 
were  validated  with  aircraft  tests  on  rapidly  repaired  runways.  This  multimillion 
dollar  effort  has  resulted  in  the  definition  of  surface  roughness  criteria  (repair 
criteria)  for  each  aircraft.  The  knowledge  gained  as  a  result  of  all  of  the  testing 
and  computer  modeling  has  led  to  a  much  more  thorough  understanding  of  the  complex 
interaction  between  the  flexible  structure , landing  gear,  and  rough  pavement. 

The  first  part  of  this  paper  discusses  the  development,  laboratory  qualification 
testing,  and  taxi  testing  of  an  improved  F-15  rough  field  landing  gear  which  provides 
a  significant  improvement  in  rough  field  and  3ink  rate  performance  over  the  existing 
F-15  landing  gear.  This  landing  gear  design  utilizes  passive,  internal  strut 
modifications  to  achieve  this  performance  without  any  effect  on  reliability  and 
maintainability.  The  second  part  of  the  paper  discusses  the  advantages  of  an 
automated  Personal  Computer  (PC)  based  process  for  selecting  the  minimum  operating 
strip  (MOS)  and  for  determining  the  minimum  level  of  runway  repair  required.  As 
backup  to  this  automated  approach,  a  novel  technique  for  quantifying  the  ability  of  a 
given  aircraft  to  traverse  rough  surfaces  is  also  discussed.  This  method  assigns  a 
'Vulnerability  Index'  (VI)  to  each  aircraft.  The  VI  is  a  reflection  of  the 
aircraft's  abilitv  ?.tsorb  the  energy  that  is  transmitted  from  the  pavement  to  the 
struts  and  the  airframe.  This  method  will  give  the  base  commander  a  tool  for  making 
good  'intuitive'  decisions  the  event  that  the  automated  process  cannot  be  used. 

It  can  also  be  used  as  a  validation  technique  for  the  automated  method. 
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Landing  gear  designs  of  the  past  40  years  have  stressed  efficiency  in  weight  and 
volume,  and  performance  with  respect  to  landing  impact  loads.  While  landing  impact 
performance  has  been  adequately  addressed  in  landing  gear  designs  to  date,  load 
alleviation  following  landing  impact  and  during  taxi  and  takeoff  has  received  much 
less  emphasis.  Some  production  landing  gear  designs  have  been  developed  which 
provide  a  rough  pavement  capability,  but  these  typically  resulted  in  an  adverse 
effect  on  weight  and  volume.  Several  rough  pavement  landing  gear  designs  have  been 
laboratory  tested,  but  most  of  these  either  provided  minimal  improvement  or  were  not 
easily  incorporated  without  affecting  weight,  volume  or  rel iabi 1 i ty/maintainabi 1 i ty . 

Enhancements  in  the  area  of  computer  modeling,  particularly  the  change  in 
overall  aircraft  response  to  rough  pavement  due  to  changes  in  landing  gear 
characteristics,  have  resulted  in  a  significant  improvement  in  the  ability  to  balance 
a  landing  gear  design  to  provide  both  excellent  landing  impact  and  rough  pavement 
character iat leg .  In  addition,  an  improvement  in  laboratory  testing  capability 
through  the  utilization  of  a  computer  driven  hydraulic  shaker  has  greatly  improved 
both  the  speed  and  accuracy  of  computer  model  validation.  Exact  rough  runway  profile 
shapes  at  various  simulated  forward  speeds  can  be  input  directly  to  the  landing  gear 
in  a  drop  tower  and  the  resulting  landing  gear  response  measured.  The  combination  of 
enhanced  computer  modeling  techniques  and  laboratory  testing  capability  coupled  with 
extensive  landing  gear  design  experience  has  resulted  in  the  development,  fabrication 
and  very  successful  laboratory  and  flight  testing  of  an  improved  high  sink  rate  rough 
field  landing  gear  system  for  the  F-15  aircraft. 

Development  of  this  particular  landing  gear  design  was  initiated  by  the 
Cleveland  Pneumatic  Company  (CPC)  in  response  to  Air  Force  into  est  and  efforts  in 
this  area.  CPC’s  approach  was  to  utilize  passive  design  concepts  ir.  order  to 
minimize  any  adverse  complexity,  and  resulting  effect  on  reliability  and 
maintainability.  They  utilized  their  experience  in  oleo  relief  valves  and  multiple 
stage  air  curves  along  with  an  extensive  landing  gear  dynamic  response  model  to 
arrive  at  designs  for  both  the  ms *n  and  nose  landing  gears  with  essentially  the  same 
predicted  reliability  as  the  existing  F-15  landing  gears.  All  modifications  to  the 
landing  gears  were  internal  and  consisted  of  replacement  of  several  internal 
components  without  requiring  any  modifications  to  either  the  outer  cylinder  or 
piston.  In  the  1084/85  time  period,  the  improved  main  and  nose  designs  were 
subjected  to  a  series  of  simulated  rough  runway  tests  at  the  Air  Force’s  Landing  Gear 
Development  Facility  (LGDF)  which  verified  the  enhanced  performance  offered  by  the 
new  des i gns . 

The  STOL  and  Maneuver  Technology  Demonstration  Program  (STOL/MTD)  contract  was 
awarded  to  McDonnell  Douglas  in  October  1984  with  the  F-15  aircraft  selected  as  the 


demonstrator  vehicle.  In  addition  to  demonstration  of  2-dimensional  thrust 
vectoring/reversing  nozzles,  integrated  flight/propulsion  control,  and  advanced  pilot 
vehicle  interface,  the  demonstrator  was  to  have  a  landing  gear  capable  of  both  rough 
field  (multiple  4.5  inch  bumps  at  60  foot  minimum  spacing  as  well  as  a  5  inch  i~ 
cosine  shaped  dip  of  50  foot  length)  and  increased  sink  rate  (12  ft/sec)  operation. 
The  CPC  landing  gear  design  was  chosen  for  this  program  in  March  1986,  having  already 
demonstrated  the  bump  capability  and  requiring  only  minor  modifications  to  achieve 
the  Increased  sink  rate  performance. 

LABORATORY  QUALIFICATION  TESTING 

The  nose  landing  gear  was  successfully  qualification  tested  at  the  LGDF  in 
September  1986.  The  test  weights  were  based  upon  a  STOL/MTD  aircraft  takeoff  weight 
of  50,000  pounds  and  a  landing  weight  of  35,000  pounds.  While  the  takeoff  weight  was 
less  than  that  of  an  F-15  C/D  (68,000  pounds) ,  the  landing  weight  was  the  same  as  an 
F-15  0/D.  Drop  tests  were  conducted  utilizing  both  wheel  spin-up  and  simulated  wing 
lift.  Even  at  a  14.1  ft/sec  sink  rate,  the  loads  were  well  below  limit  values  as  can 
be  seen  in  Figure  1.  The  energy  absorbed  at  this  sink  rate  was  twice  that  to  which 
the  landing  gear  was  designed  as  the  energy  absorbed  is  proportional  to  the  sink  rate 
velocity  squared. 

Rough  runway  laboratory  testing  was  conducted  in  a  drop  tower  with  a  hydraulic 
shaker  providing  a  simulation  of  ground  profile  traversal  at  simulated  forward  speeds 
of  30,  50,  70,  90,  110,  120,  and  146  knots.  Ground  profiles  that  were  simulated 
included  a  5  inch  1-cosine  shaped  dip  of  50  foot  length,  multiple  3  and  4.5  inch 
bumps  with  an  80  fortt  *»r'acing,  and  a  single  7  inch  bump.  These  profiles  are  shown  in 
Figure  2.  As  can  be  in  T 1 ^  ;re  3,  the  peak  gear  loads  for  all  of  the  rough 

runway  tests  were  significantly  below  the  design  limit  load  for  the  nose  landing 
gear.  Although  testing  of  the  nose  landing  gear  to  the  limit  load  would  have 
provided  an  assessment  of  the  maximum  allowable  bump  height,  the  fact  that  this 
particular  landing  gear  was  to  be  utilized  on  the  STOL/MTD  flight  test  aircraft 
precluded  such  tests.  A  final  test  for  the  nose  landing  gear  was  a  sudden  free 
extension  test  which  verified  the  improved  rebound  damping.  Post  test  inspection 
revealed  that  no  damage  or  deformation  of  either  external  or  internal  components 
resulted  from  the  qualification  testing. 

The  main  landing  gear  was  then  successfully  qualification  tested  in  the 
January /February  1987  time  period.  The  nine  Inch  stroke  of  the  main  landing  gear 
constrained  the  improvement  in  landing  Impact  sink  rate  as  compared  to  the  sixteen 
inch  stroke  of  the  nose  landing  gear,  but  a  12.5  ft/sec  vertical  sink  rate  was 
obtained  in  testing  nonetheless.  Both  the  nose  and  main  landing  gears  were  designed 
for  a  10  ft/sec  vertical  sink  rate.  As  in  the  nose  landing  gear  drop  tests,  wheel 
spin-up  and  simulated  wing  lift  were  utilized  to  enhance  the  simulation  of  landing 
impact.  For  the  tail  down  attitude  drop  tests  of  the  main  landing  gear,  a  12.5 
degree  wedge  shaped  platform  was  placed  under  the  drop  tower.  The  12.5  ft/sec  sink 
rate  tail  down  drop  test  data  is  shown  in  Figure  4. 

Rough  runway  testing  of  the  main  landing  gear  was  conducted  in  the  same  manner 
as  for  the  nose  gear  with  the  same  bump  and  dip  profiles  being  utilized.  As  can  be 
seen  in  Figure  5,  the  main  landing  gear  performed  very  well  when  subjected  to  the 
simulated  rough  runway  profiles.  In  the  case  of  the  single  7  inch  bump,  predicted 
loads  close  to  the  limit  precluded  testing  of  the  120  and  146  knot  cases,  especially 
considering  that  this  bump  height  was  in  excess  of  program  requirements.  A  key 
aspect  of  the  performance  of  the  rough  field  design  that  was  verified  in  these  tests 
was  the  fact  that  the  largest  improvement  over  the  production  F-15  C/D  landing  gears 
occurred  during  the  highest  load  test  cases.  This  was  expected  as  the  designs  were 
optimized  to  ‘chop  off-  the  load  peaks  that  occur  during  repair  traversal.  The  main 
landing  gear  tests  also  verified  the  improved  rebound  damping  characteristics 
designed  to  minimize  aircraft  bounce  at  the  higher  landing  sink  rates. 

STOL/MTD  AIRCRAFT  TAXI  TESTING 

Actual  taxi  testing  of  the  F-15  STOL/MTD  aircraft  was  conducted  in  the  summer  of 
1989  at  the  Air  Force  Flight  Test  Center  at  Edwards  AFB.  For  these  initial  rough 
runway  taxi  tests,  two  4.5  inch  bumps  with  an  00  foot  spacing  were  installed  on  the 
runway  using  a  combination  of  AM-2  aluminum  matting  and  plywood  t r,  achieve  an 
approximation  of  the  shape  of  the  4.5  inch  repair  as  tested  in  the  laboratory.  In 
order  to  determine  the  predicted  loads  for  the  taxi  tests,  a  computer  model  of  the 
landing  gear  dynamic  response  characteristics  was  validated  with  the  laboratory  test 
data  and  then  incorporated  into  an  F-15  aircraft  response  computer  model.  The 
aircraft  response  model  had  been  previously  validated  with  taxi  data  from  the  Have 
Bounce  Program.  This  computer  model  was  then  utilized  to  generate  all  of  the 
predicted  loads  for  the  upcoming  taxi  tests  to  ensure  that  no  limits  would  be 
exceeded . 

Aircraft  gross  weights  of  40,000  and  50,000  pounds  were  tested  over  the  two  4.5 
inch  bumps.  An  upper  limit  of  90  knots  resulted  from  the  location  of  the  repairs  on 
the  runway  and  the  need  for  overrun  area  In  case  of  an  abort.  The  results  for  the 
40,000  pound  gross  weight  testing  are  shown  in  Figure  6.  As  can  be  seen  from  this 
data,  the  loads  were  quite  low  relative  to  the  landing  gear  limits  and  the  resulting 
improvement  was  minimal.  For  the  50,000  pc  ind  testing,  the  improvement  relative  to 
the  F-15  C/D  aircraft  with  the  current  landing  gear  was  significant,  especially  for 
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the  speeds  in  which  the  current  landing  gears  generated  loads  near  their  limits. 

This  data  can  be  seen  in  Figure  7. 

Fu,«"e  testing  that  will  be  conducted  over  the  4.5  inch  repairs  will  include  the 
effects  of  hard  braking,  landing  gear  performance  during  engine  thrust  reversing,  and 
two  point  attitude  testing.  Although  the  F-15  STOL/MTD  aircraft  will  be  limited  to 
50,000  pounds,  the  performance  of  the  improved  landing  gears  at  the  68,000  pound  F-15 
C/D  maximum  gross  weight  has  been  verified  during  the  earlier  laboratory  testing. 
Significant  improvements  relative  to  the  current  landing  gears  resulted  from  the 
higher  loads  that  were  generated  by  the  high  gross  weight. 

In  summary,  a  significant  improvement  in  rough  runway  performance  has  been 
demonstrated  by  the  CPC  rough  runway  landing  gear  designs.  This  capability  was 
achieved  with  a  minimal  weight  increase  (leas  than  30  pounds  for  the  shipset)  and  no 
projected  effect  on  reliability  and  maintainability.  These  designs  can  be  applied  to 
other  landing  gears  with  the  amount  of  improvement  dependent  on  the  landing  gear  and 
aircraft  configuration  and  available  strut  stroke. 


‘PC  BASED'  RUNWAY  BEPAIB_CBIT_EBIA 

The  primary  purpose  for  developing  the  computer  models  under  the  HB  program  was 
to  establish  rapid  runway  repair  Surface  Roughness  Criteria  (SRC)  for  each  aircraft. 
The  intent  is  to  deliver  the  SRC  to  the  Operational  Commands  through  technics* 
manuals  and  in  the  form  of  ’overlay"  charts  depicting  the  allowable  bump  heights  and 
spacings  versus  distance  down  the  runway.  This  is  done  for  each  aircraft  at  a  cross 
spectrum  of  gross  weights,  density  ratios,  headwind  components,  etc.  Although  these 
SRC  are  accurate,  they  are  also  complex  and  become  conservative  when  multiple 
aircraft  types  operate  on  tue  same  Mos .  Repair  crews  must  be  trained  to  use  the  SRC 
and  M0S  procedures.  Another  drawback  of  this  approach  is  that  the  addition  of  future 
aircraft  or  even  derivatives  of  the  existing  aircraft  to  the  fleet  requires  Tech 
Order  revision  and  the  addition  of  numerous  overlays  and  perhaps  more  training.  It 
is  not  an  ideal  system. 

Another  method  could  be  to  automate  the  process.  Figure  8  depicts  an  approach 
that  would  solve  many  of  the  deficiencies  of  the  current  technique.  The  approach  is 
to  modify  the  mainframe  computer  oroframa  developed  under  the  HB  program  to  run  on¬ 
site  using  readily  available  PCs.  The  primary  benefits  of  an  on-site  computing 
capability  are  as  follows: 

*  MORE  ACCURATE;  Using  a  menu  driven  on-site  computer  program  to  simulate  the 
actual  aircraft  and  conditions  will  be  more  accurate.  Important  aircraft  parameters 
such  as  gross  weight  and  center  of  gravity  and  ambient  conditions  such  as  density 
ratio  and  headwind  component  can  completely  alter  the  repair  criteria.  This  approach 
also  reduces  the  conservatism  built  into  the  present  "static"  system  that  is  induced 
when  multiple  aircraft  are  superimposed  on  the  same  MOS . 

»  RETALIATE  FASTER;  If  actual  aircraft  and  ambient  conditions  are  used  in  the 
computer  simulations,  quicker  repair  times  will  result  because  less  conservative 
repairs  will  be  identified. 

*  FLEXIBILITY :  An  on-site  simulation  capability  will  provide  the  flexibility 
needed  to  allow  gross  weight  and  other  aircraft  changes.  Using  the  current  method, 
this  would  have  to  be  approximated  through  interpolation. 

*  PROVIDES  OPTIONS;  One  of  the  highest  payoffs  of  this  method  is  that  it 
provides  the  base  commander  with  a  tool  for  answering  important  "what  if*  questions 
and  getting  accurate  answers  in  a  short  response  time.  For  example,  if  the  runway 
repair  crews  could  not  maintain  the  quality  of  runway  repair  specified,  the  commander 
may  want  to  reduce  the  aircraft  gross  weight  to  a  point  where  a  safe  takeoff  can  be 
made.  Assessment  of  the  effect  of  relocation  of  the  runway  threshold  to  permit 
successful  takeoffs  is  another  option.  The  ability  to  quickly  assess  options  is  a 
powerful  benefit  of  this  capability. 

*  UPDATE ;  As  new  aircraft  or  derivatives  of  existing  aircraft  enter  the 
inventory,  updating  the  SRC  will  be  a  simple  matter  of  mailing  a  floppy  disk 
containing  the  new  computer  model  to  each  main  operating  base. 

*  MORE  EFFICIENT;  On-site,  menu  driven  computer  programs  designed  to  select  the 
MOS  and  specify  the  required  level  of  repair  will  be  much  easier  to  use  than  the 
current  technique.  Consequently  much  less  training  will  be  required  and  since  the 
process  is  simpler,  there  is  less  chance  for  error  in  a  wartime  situation.  Also,  the 
computerized  technique  would  do  away  with  the  requirement  for  tech  orders,  overlay 
charts,  and  subsequent  revisions. 

*  MONITOR  REPAIRS;  Repeated  aircraft  operations  will  result  in  degradation  of 
the  repaired  runway  surface.  Measured  runway  profile  data  can  be  fed  into  the  PC 
based  computer  programs  \.o  determine  if  rework  is  required  and  to  what  extent. 

The  benefits  obtained  by  going  to  a  PC  based  on-site  technique  for  determining 
the  MOS  location  and  required  repair  quality  are  obvious.  The  negatives  are: 

*  ADDITIONAL  DEVELOPMENT:  The  computer  programs  that  were  developed  under  the  HB 
program  were  designed  to  run  on  "mainframe*  computers.  Each  of  these  programs  would 
require  modification  in  order  to  run  on  a  PC.  This  could  however,  prove  to  be  more 
efficient  than  the  current  proposal  when  you  consider  the  reduced  training 
requirements  and  ease  of  updating  for  future  systems.  The  feasibility  of  running 
these  computer  programs  on  a  "PC*  has  already  been  demonstrated.  Run  times  and 
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memory  requirements  are  not  a  problem. 

*  BACKUP  SYSTEM  REQUIRED;  Since  our  ability  to  retaliate  in  a  reasonable  length 
of  time  would  be  hinged  to  the  use  of  this  on-site  capability,  a  manual  backup 
technique  would  be  required.  One  promising  approach  for  providing  an  easy  to  use 
backup  technique  is  called  the  Vul nerabi 1 i ty  Index. 

VULNERABILITY  INDEX  (VI) 

The  VI  number  of  an  aircraft  reflects  that  aircraft’s  ability  to  absorb  the 
energy  of  a  specific  bump  at  all  velocities.  All  aircraft  Vi’s  will  be  calculated 
using  the  same  bump  so  that  the  runway  roughness  capability  of  each  ai  craft  will  be 
directly  comparable. 

The  VI  is  calculated  using  the  complex  computer  programs  developed  under  the  HB 
program.  Consequently  the  VI  very  accurately  reflects  the  ability  of  each  aircraft 
to  'absorb'  the  bump.  Although  the  VI  is  complex  from  the  standpoint  of  how  it  is 
calculated,  it  is  simple  to  use,  because  it  boils  down  the  effects  of  speed,  resonant 
frequencies,  spacing,  etc.  into  one  number.  It  will  introduce  some  conservatism, 
which  unfortunately,  is  the  penalty  that  must  be  paid  for  not  having  the  fully 
operational  on-site  PC  based  capability. 

Ideally,  it  is  desirable  to  define  the  'bump  energy*  on  a  comparable  scale  to 
che  aircrafts  vulnerability  index.  This  "bump  energy*  would  have  to  be  a  function 
of  the  bump  profile,  spacing  and  location  on  the  runway.  Work  is  currently  underway 
to  define  a  method  for  quantifying  bump  anar^y  in  a  form  that  is  ma themati cal ly 
relatable  to  aircraft  vulnerability  Index.  Until  this  method  is  developed,  however, 
it  will  be  necessary  to  use  rule  of  thumb  guidelines  based  on  lessons  learned  in  the 
Have  Bounce  project.  Once  the  initial  MOS  is  repaired  using  these  guidelines,  the 
roughness  effect  of  the  MOS  from  one  aircraft  to  another  can  be  determined  using  the 
Vulnerability  Index. 

GUIDELINES  FOR  MOS  REPAIR 

The  following  are  ’rule  of  thumb*  guidelines  for  repairing  and  operating  on  an 
MOS  based  on  the  lessons  learned  in  the  Have  Bounce  project.  These  guidelines  are 
intended  to  be  used  in  the  event  that  the  PC  based  system  is  not  available  or  as  a 
validation  check  to  the  PC  based  system  results. 

*  The  grade  of  any  repair  will  not  exceed  4  percent. 

*  Step  bumps  will  not  exceed  .75  inches. 

*  Any  repair  in  the  first  500  feet  (landing  touchdown  zone) 

of  the  MOS  will  not  exceed  15  inches  from  the  undamaged  grade.  All  other  repairs 
will  not  exceed  3.0  inches  from  the  undamaged  grade  except  for  the  following  spacing 
requirements . 

*  Bump  spacing  requirement  is  directly  proportional  to  aircraft  velocity. 
Consequently  the  spacing  between  3  inch  bumps  will  be  no  less  than: 

S=  V  x  2.5 

Where  S  is  the  spacing  in  feet  from  the  trailing  edge  of  the  previous  bump  and  V  is 
the  aircraft  velocity  in  feet  per  second.  Aircraft  speed  can  be  obtained  from  the 
flight  manual  and  should  include  density  ratio  effect  and  headwind  component. 

*  Any  bump  closer  than  the  calculated  S  above  will  not  exceed  1.5  inches  rrom 
the  undamaged  grade. 

*  Use  *  8  o  f  t  field*  takeoff  and  landing  procedures.  The  purpose  is  to  unload  the 
nose  landing  gear  as  much  as  possible  and  unload  the  main  landing  gear  with  wing  lift 
as  soon  as  possible. 

*  Minimizing  aircraft  weight  will  result  in  maximum  runway  roughness  capability. 
CALCULATION  OF  VI 

The  VI  is  a  reflection  of  the  ability  of  an  aircraft  to  ’absorb*  the  energy  of  a  bump 
rather  than  transmit  that  energy  to  the  airframe.  It  is  based  on  the  computed 
response  (using  TAXI)  of  an  aircraft  traversing  a  'standard*  bump  at  all  possible 
velocities.  Figure  9  is  a  typical  plotted  time  history  response  predicted  by  TAXI. 
For  a  given  velocity,  both  the  nose  and  main  landing  gear  loads  wi  1 1  reach  a  peak  at 

some  point  in  time.  Figure  10  is  a  plot  of  landing  gear  peak  loads  predicted  by  TAXI 

for  all  velocities  up  to  the  takeoff  speed.  If  the  design  limit  load  for  both 
landing  gears  were  included  on  this  velocity  plot,  the  VI  for  that  aircraft  would  be 

the  sum  of  the  shaded  areas  as  shown  in  Figure  10.  The  value  of  the  VI  can  be 

mathematically  represented  as  illustrated  in  figure  11. 

If  the  VI  for  all  aircraft  are  calculated  for  the  same  bump  for  the  entire 
takeoff  range  of  speeds,  then  the  VI  can  be  used  to  directly  compare  the  'goodness* 
of  an  aircraft’s  ability  to  absorb  roughness.  Consequently  once  the  VI  for  an 
aircraft  is  determined  it  can  be  ’ranked*  using  this  single  number.  This  would  tell 
the  Operations  Commander  that  an  aircraft  having  a  smaller  VI  than  aircraft  currently 
using  the  MOS  could  also  use  this  same  MOS.  This  could  be  his  only  data  for  making  a 
go/no-go  decision,  particularly  for  non-USAF  aircraft. 
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CONCLUSIONS 

In  summary,  both  the  technology  of  landing  gear  strut  design  and  the 
understanding  and  analysis  of  aircraft  response  to  runway  roughness  have  evolved 
dramatically  during  the  past  decade.  The  benefits  which  would  be  provided  by 
incorporating  this  knowledge  far  outweigh  the  small  costs  involved.  Increased 
aircraft  capability  coupled  with  accurate  and  timely  assessment  of  aircraft/repaired 
runway  compatibility  would  significantly  enhance  post-attack  sortie  generation.  It 
is  recommended  that  the  knowledge  gained  be  incorporated  into  design  handbooks, 
military  speci f ications ,  and  operational  procedures. 
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FIGURE  4.  F-15  STOL/MTD  MAIN  GEAR  DATA 
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FIGURE  7  F-15  STOL/MTD  TAyi  TEST  DATA 
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Figure:  8,  "On  Site"  PC  Approach  to  Rapid  Runway  Repair  Process 
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Figure  11.  Method  for  Computing  the  Vulnerability  Index 
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SUMMARY 

The  paper  describes  the  special  landing  gear  requirements  of  the  Harrier  family  of  aircraft,  and  is 
based  on  modelling  and  testing  experience  over  a  considerable  period  of  time.  Only  topics  peculiar  to  the 
VSTOL  (Vertical  and  Short  Take  Off  and  Landing)  aspects  of  this  aircraft  are  addressed. 

Of  the  four  possible  nodes  of  take-off,  ramp-assisted  (the  "ski-jump")  presents  unique  landing  gear 
problems.  This  is  described,  covering  the  design  of  ramp  profiles  and  the  procedures  used  to  establish 
service  operating  limits  for  the  landing  gear,  including  the  effects  of  ship  notion. 

The  particular  problems  associated  with  vertical  landing  are  next  discussed.  This  mode  of  landing  can 
produce  landing  gear  side  loads  potentially  much  higher  than  are  normally  possible  in  a  conventional 
landing  with  forvard  speed.  Clearance  procedures  using  a  multivariate  approach  are  described. 

The  Harrier  has  also  been  cleared  for  operation  on  unprepared  rough  fields.  The  Monte  Carlo  method, 
applied  to  the  results  of  numerical  modelling  using  computer-generated  surfaces,  is  described. 

Other  topics  discussed  are:  runway  directional  stability,  and  the  load  and  directional  stability 
implications  of  converting  to  radial  tyres. 


1.  INTRODUCTION 

The  original  Harrier  concept  has  been  described  in  many  publications.  Several  marks  have  been 
produced,  but  as  far  as  the  landing  gear  is  concerned  there  are  essentially  two  versions:  the  Harrier  I 
produced  by  British  Aerospace,  and  the  Harrier  II  produced  jointly  by  BAe  and  the  McDonnell -Douglas 
Corporation.  Dowty  Rotol  Ltd.  are  the  main  contractors  for  the  landing  gear.  The  gear  units  for  the  two 
aircraft  (except  for  the  outriggers)  are  geometrically  similar,  but  the  Harrier  II  units  are  stronger  with 
stiffer  strut  spring  curves  designed  for  a  sink  speed  of  15  ft/s  (4.6  m/s)  at  higher  weight  rather  than  the 
12  ft/s  (3.7  m/s)  used  for  Harrier  I.  Pigure  1  shows  the  very  similar  landing  gear  layouts  for  the  two 
aircraft,  and  figure  2  sketches  the  Harrier  II  units. 

AH  Harriers  have  four  possible  modes  of  take-off:  vertical,  short,  conventional  and  ramp-assisted, 
and  three  landing  modes:  vertical,  slow  and  conventional.  In  addition,  some  versions  of  both  Harrier  I  and 
Barrier  II  have  been  cleared  for  operation  from  unprepared  fields.  This  normally  means  grass  fields,  but 
interlocking  metal  strips  over  grass  are  also  used.  The  vertical  landing  requirement  particularly  has 
dictated  the  use  of  an  unusual  landing  gear  arrangement,  essentially  a  bicycle  with  outriggers  for  roll 
stability.  The  nose  and  main  gears  carry  roughly  equal  static  loads,  each  about  45X  of  the  weight,  while 
the  outriggers  together  take  the  remaining  10X.  The  unique  rotating  "vectoring"  nozzles  of  the  Rolls-Royce 
Pegasus  engine  mean  that  the  total  engine  jet  force  may  be  used  for  forvard  thrust,  jet  lift  or  to  give  a 
combination  of  these,  as  in  "partially  Jet-borne  flight". 

Many  aspects  of  Harrier  operations  involving  the  landing  gear  are  perfectly  conventional,  and  are  not 
discussed  in  this  paper.  Operations  standing  out  as  unusual  are  firstly,  ramp-assisted  take-off,  or  the 
"ski-jump".  This  produces  a  normal  acceleration  in  the  order  of  3g,  virtually  all  reacted  by  the  landing 
gear.  Secondly,  vertical  landing  gives  a  landing  gear  side  loading  aechanisa  quite  different  from 
conventional  landing.  Rough  field  operations  are  not  unique  to  Harriers,  but  the  methods  used  to  clear  the 
GR  Mk  5  version  of  the  Harrier  II  may  be  of  interest.  Pinally  some  remarks  on  the  often  neglected  area  of 
directional  stability  on  the  runway,  and  the  related  question  of  changing  to  radial-ply  tyres,  are 
Included. 
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2.  RAMP- ASSISTED  TACT-OFF 

This  is  nov  the  conventional  node  of  take-off  froa  the  ships  of  several  navies.  The  corresponding 
landing  on  to  the  ship  is  always  vertical.  For  those  unfaailiar  with  the  "ski-jump",  Appendix  1  gives  a 
brief  explanation  of  this  interesting  topic  together  with  an  outline  of  the  aethod  used  to  establish  the 
optiaua  exit  angle  for  a  particular  application.  Raap-assisted  take-off  aay  be  froa  land,  as  deaonstrated 
at  the  Parnborough  and  Le  Bourget  salons  sone  years  ago,  but  it  is  in  naval  applications  where  the 
technique  shows  draaatic  advantages. 


2.1  OPTIMISING  THE  RAMP  SHAPE 

Devising  the  best  shape  for  the  raap  is  an  interesting  problem.  If  the  landing  gear  were  rigid  and  the 
speed  constant,  a  circular  arc  would  clearly  be  the  correct  shape,  since  the  aim  is  to  impart  the  maximum 
possible  vertical  momentum  to  the  aircraft,  while  at  the  sane  tine  minimising  the  applied  load.  Pigure  3 
shows  what  happens  in  practice  if  a  circular  arc  profile  is  used.  Because  the  centrifugal  load  is  applied 
suddenly,  an  oscillation  is  set  up.  This  has  two  adverse  effects:  it  increases  the  peak  gear  loads, 
requiring  a  reduction  in  endspeed  to  avoid  full  strut  closure,  and  it  could  Bake  the  launch  pitch  rate 
soaewhat  variable. 


FIGURE  3.  CIRCULAR  ARC  RAMP  PROFILE 


An  analogous  problem  vas  known  to  the  early  railway  builders,  who  found  that  a  straight  length  of  rail 
followed  by  a  curve  of  constant  radius  caused  trains  to  oscillate  in  roll.  Their  solution  vas  to  insert  a 
"cubic  transition",  so  that  curvature  and  hence  load  increased  more  gradually.  The  saae  cure  works  with  the 
raap,  as  illustrated  in  figure  4. 


FIGURE  4. 


CIRCULAR  ARC  RAMP  PROFILE  WITH  CUBIC  TRAMS  ITT OW 


Later,  an  alternative  vay  of  preventing  the  heave  and  pitch  oscillations,  avoiding  the  additional  ramp 
length  caused  by  the  transition  curve,  vas  found.  This  is  described  in  the  patent  application  (reference 
1),  and  figure  5  gives  a  brief  explanation  of  the  method .  It  consists,  essentially,  of  adding  a  correction 
profile  equal  to  the  closure  history  of  the  landing  gear  strut  under  constant  load  to  the  circular  arc,  or 
whatever  profile  is  required  "statically".  This  has  been  aade  to  work  with  the  Harrier,  in  spite  of  there 
being  two  landing  gears  with  differing  characteristics  on  the  sane  track. 


COMPRESSION  BISTORT  OP 
STRUT  AND  TTRB  VI TH 
CONSTANT  APPLIED  LOAD 


1.  INERTIA  PORC*  -  LANDING  GEAR  LOAD 

2.  BOTH  MUST  BE  CONSTANT  ON  CURVE 

3.  LOCUS  OP  CG  BUST  BE  A  CIRCULAR  ARC 

A.  FOR  DESIRED  CONSTANT  GRAR  LOAD  THE  STRUT 
MUST  COMPRESS  IN  A  PRECISE  VAT 

5.  THE  CORRECTION  TO  THE  CIRCULAR  ARC  IS  THE 
STRUT  CON PRES SI ON  HISTORY  VI TH  CONSTANT  LOAD 


PIGgtB  5.  ALTERNATIVE  RAMP  PROFILE  DESIGN  METHOD 


The  process  of  optinising  a  profile  for  a  given  application  is  in  practice  iterative,  using  a 
■atheaatlcal  nodel  fully  siaulating  the  launch  process.  The  criterion  currently  used  is  that  no  strut  ot 
tyre  should  fully  close  during  the  launch.  Load  night  be  thought  to  be  a  more  appropriate  criterion  but, 
because  strut  closure  velocities  and  hence  damping  forces  are  very  low  on  the  ramp,  load  and  closure  are 
virtually  interchangeable  and  related  by  the  strut  spring  curve.  Pull  strut  closure  would  inply  large 
indeterminate  loads,  and  this  is  currently  avoided. 
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2.2  CONTROL  OP  LAUNCH  PITCH  RATE 

Since  a  typical  raap  reaching  12®  may  be  traversed  in  much  less  than  a  second,  the  launch  pitch  rates 
could  reach  very  high  nose-up  values.  Fortunately  this  does  not  actually  occur  with  the  Harrier,  as  shovn 
in  figure  6.  The  nose-down  moment  produced  during  the  short  time  that  only  the  main  gear  and  outriggers  are 
on  the  ramp  provides  an  almost  perfect  correction  leaving  a  desirable,  slightly  nose-up,  pitch  rate  at 
launch.  This  permits  the  optimum  angle  of  attack  for  the  semi-ballistic,  partially  jet-borne,  phase  to  be 
obtained  quickly,  and  earlier  than  from  a  flat  short  take-off  (STO).  Thus  an  important  secondary  advantage 
of  ramp  take-off  is  that  it  allows  aircraft  rotation  earlier  than  would  otherwise  be  possible. 


TIKE  (SECONDS) 


FIGURE  6.  AIRCRAFT  PITCH  RATE  AT  RAKP  EXIT 


2.3  SERVICE  OPERATING  LIMITS 

The  service  user  must  be  provided  with  safe  limits  for  ramp  take-off.  These  involve  performance 
limits,  which  are  beyond  the  scope  of  this  paper,  and  landing  gear  limits.  In  practice  the  latter  are 
produced  by  computer  simulation,  validated  by  ship  trials.  As  far  as  the  landing  gear  is  concerned  it  is 
normally  only  necessary  to  measure  strut  closures  in  these  trials. 
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2.4  SHIP  MOTION  EFFECTS 

The  rolling  motion  of  the  ship  has  potential  aircraft  stability  implications,  although  no  problems 
have  been  found  in  practice.  It  is  the  pitching  motion  of  the  ship  vhich  is  more  important  since  it  may 
have  a  favourable  or  unfavourable  effect  on  both  performance  and  landing  gear  operating  limits,  depending 
upon  the  point  in  the  pitch  cycle  at  vhich  launch  takes  place.  Controlling  the  moment  of  launch  to  improve 
the  statistics  is  theoretically  possible,  but  is  inherently  more  difficult  than  vith  a  catapult  launch  due 
to  the  longer  time  interval  (typically  ten  seconds)  betveen  the  start  of  launch,  on  the  flat  deck  behind 
the  ramp,  and  free  flight.  An  allowance  based  on  ship  pitch  amplitude,  assuming  random  timing,  is  currently 
made.  The  loading  effect  on  the  landing  gear  due  to  ship  motion  Is  appreciable  and  is  found  to  be  caused  by 
Coriolis  force  (a  function  of  ship  pitch  velocity  and  aircraft  speed)  as  much  as  by  the  direct  vertical 
acceleration.  Figure  7  illustrates  this  and  shovs  the  predicted  RMS  total  normal  acceleration  per  RMS 
degree  of  pitch  for  a  cruiser-sized  ship.  Modelling  of  ship  motion  takes  advantage  of  the  large  frequency 
ratio  betveen  the  ship  pitching  notion  and  the  rigid  nodes  of  the  aircraft  on  its  landing  gear,  and  the 
short  time  taken  to  traverse  the  actual  ramp.  During  this  time  the  total  aircraft  normal  acceleration  can 
be  regarded  as  constant,  at  values  typically  betveen  0.5  and  1.5  g,  i.e.  the  effect  of  the  motion  can  be  as 
much  as  0.5  g  either  vay  in  addition  to  the  usual  gravitational  1  g.  The  simulations  are  carried  out  at 
fixed  values  of  "gravity”  (e.g.  1.0,  1.1,  1.2,  etc.).  Each  of  these  can  be  interpreted  as  a  range  of  ship 
pitth  and  aircraft  speed  combinations,  giving  considerable  economy  of  computation. 

Landing  gear  operating  limits  are  kept  entirely  separate  from  aircraft  perforce  __  ^nsiderations. 


PICIM  7.  VERTICAL  FORCES  DOB  TO  SHI?  ’ITCH 


2.5  SUDOEN  RELEASE  LOADS 

Vhile  these  can  be  important  In  a  catapult  launch  they  are  even  more  so  in  a  ramp  launch  where  the 
landing  gear  is  certain  to  be  highly  compressed  for  the  majority  of  launches.  Although  the  usual  hydraulic 
pulsing  problem  associated  vith  sudden  release  had  to  be  considered  in  the  main  gear,  it  vas  the  sudden 
release  of  bending  monant  from  the  nose  gear  that  caused  difficulty  in  early  development.  In  its  fully 
compressed  state  the  nose  gear  has  about  400  mm  of  trail.  Since  the  wheel  load  is  very  high  at  the  end  of 
the  ramp,  it  can  be  seen  that  a  bending  oscillation  is  inevitable  vhen  this  is  suddenly  released  (figure 
8). 
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Figure  10  shows  that  the  overswing  is  2ero  if  this  is  achieved,  and  can  be  kept  small  for  the  practical 
range  of  transition  times.  This  time  varies,  of  course,  with  exit  speed.  All  Harrier  ramps  must  be  fitted 
with  the  run-down  section,  which  in  practice  may  be  straight,  about  2  m  long,  and  tilted  down  about  125  mm 
(about  3.5a)  from  the  ramp  exit  angle. 


WORKING  RANGE 


FIGURE  10.  REDUCTION  IN  OVKRSVING  AGAINST  TINE  FOR  LOAD  REDUCTION 


3.  VERTICAL  LANDING 

Of  the  three  landing  modes,  only  vertical  landing  will  be  discussed  here.  The  multivariate  approach  to 
limit  and  fatigue  loads  (based  on  HIL-A-8863A) ,  described  below,  was  also  used  for  the  slow  and 
conventional  landing  modes. 

Whether  a  tyre  is  rotating  or  not  at  touch-down  makes  a  fundamental  difference  to  the  way  side  load  is 
developed,  and  side  loads  are  potentially  much  higher  in  a  vertical  landing  than  in  a  conventional  landing. 
In  the  latter,  if  the  aircraft  is  yawed  relative  to  the  runway,  each  tyre  has  a  slip  angle  and  this  gives 
rise  to  a  side  force.  The  rotating  tyre  however  acts  as  an  efficient  damper  and  the  side  force  developed 
rarely  exceeds  a  small  fraction  of  the  vertical  load.  This  is  reflected  in  current  specifications  where  the 
design  side  force  is  typically  between  25X  and  40X  of  the  maximum  vertical  load  on  the  tyre.  No  such 
mechanism  operates  in  a  nominally-vertical  landing,  particularly  in  a  case  where  there  is  lateral  velocity 
but  absolutely  zero  forward  velocity.  When  there  is  no  laterally-acting  shock  absorber  the  lateral  energy 
must  be  absorbed  by  the  elasticity  of  the  tyres  and  possibly  that  of  the  landing  gear  in  lateral  bending. 
These  have  an  effective  "stroke"  of  only  50mm  or  so  and  are  practically  undamped.  Very  large  side  forces 
are  thus  possible,  but  an  ultimate  limit  is  set  by  the  coefficient  of  friction  between  the  tyre  Und  the 
runway,  Under  dry  conditions  this  can  be  as  high  as  1.0,  so  the  side  load  is  potentially  as  large  as  the 
maximum  vertical  load  on  the  tyre. 
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3.1  TIRE  SIDE  FORCE  MODELLING 

The  landing  gear  side  forces  determined  froe  a  mathematical  model  are  only  as  accurate  as  the  basic 
data  used.  The  empirical  relationships  developed  by  Smiley  and  Home  in  reference  2  still  appear  to  be  the 
best  basis  for  modelling  tyre  side  forces  vhen  specific  measurements  are  not  available*  and  for 
extrapolating  measurements  to  conditions  not  tested.  Figure  11  illustrates  the  empirical  model  applied  to  a 
rotating  tyre  of  a  particular  size.  "Cornering  power”  is  the  slope  of  the  side  force  versus  slip  angle 
curve  at  low  slip  angles  where  it  is  nearly  linear.  Steady  state  forces  are  given  by  the  expressions 
presented  in  reference  2,  and  it  is  stated  that  the  side  force  builds  up  exponentially  with  distance,  with 
a  "time  constant*  in  the  order  of  one  footprint  length.  In  the  case  of  conventional  landing,  this  is  rapid 
enough  to  regard  as  instantaneous,  but  can  be  taken  into  account  in  the  case  of  noai.i  '.lly-vertical  landings 
with  some  forward  (or  rearward)  velocity. 


SUP  ANGLE  (DBG) 


FIGURE  11.  TYRE  SIDE-FORCE  CHARACTERISTICS  PLOTTED  PEON  HACA  4110 


Reference  2  appears  to  predict  steady-state  side  forces  of  cross-ply  (bias)  tyres  due  to  yawed  rolling 
with  remarkable  accuracy.  Pigure  12,  for  example,  shows  the  "cornering  power"  of  cross-ply  tyres  measured 
by  two  different  suppliers;  the  curves  fall  each  side  of  the  Smiley  and  Borne  prediction  for  this  size. 
Radial  tyres  have,  in  our  experience,  somewhat  higher  cornering  power  as  shown  in  figure  13  which  is  based 
on  data  from  the  same  two  suppliers.  It  is  worth  noting  that  a  third  supplier  claims  that  side-force 
characteristics  can  be  "tailored"  to  requirements,  and  that  the  cornering  power  of  a  radial  tyre  can 
actually  be  lovmr  than  that  of  the  corresponding  cross-ply  tyre. 


RADIAL  LOAD  (LB) 


I  POWK2  OF  TWO  MAMS  OF 


[TU) 


TirijT 
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Reference  2  also  predicts  lateral  static  (non-rotating)  tyre  stiffness  and,  based  on  one  supplier's 
data,  the  predictions  are  in  the  order  of  half  the  measured  values  for  cross-ply  tyres  as  shovn  in  the 
following  table.  The  table  also  shows  the  static  lateral  stiffness  of  the  same  supplier's  radial  tyres 
which,  as  would  be  expected,  are  less  stiff  than  the  corresponding  cross-ply  tyres. 

LATERAL  STATIC  STIFFNESS  (kN/m) 

(HARRIER  HAINVHBEL  TYRE) 


RADIAL 

LOAD 

30  kN 

75  kN 

CROSS- PLY  (BIAS),  MEASURED 
(SUPPLIER  B) 

475 

404 

RADIAL,  MEASURED 
(SUPPLIER  B) 

336 

281 

REFERENCE  2  PREDICTION 

264 

199 

These  figures  suggest  that  some  caution  is  necessary  in  using  reference  2  to  predict  static  lateral 
stiffness,  and  measurements  are  required  in  critical  applications. 


3.2  COMPLIANCE  WITH  MIL-A-8863A 

MIL-A-8863A,  which  is  the  specification  applicable  for  ground  loads  on  the  AV-8B  version  of  the 
Harrier  II,  requires  a  eultivariate  analysis  for  landing  limit  loads.  Table  1  of  the  Specification  lists 
the  variates  to  be  investigated,  their  mean  and  standard  deviation  values  etc.,  and  the  range  to  be  covered 
both  individually  and  in  combination. 

Individually,  each  variate  need  only  be  considered  within  the  range  giving  0.001  probability  of 
exceedance  each  way,  or  about  3.1  standard  deviations  each  way  for  an  unskewed  normal  distribution.  For 
combinations  of  variates,  the  joint  exceedance  probability  need  only  be  considered  up  to  the  value  given 
by  one  variate  at  0.001  probability  with  all  the  others  at  mean  value,  i.e.  0.5  probability  of  exceedance. 
Thus: 


PT  .  P0  X  0.5”-1 

where  PQ  is  the  individual  minimum  probability  of  each  variate,  and  rt  is  the  number  of  v«*riales. 

Figure  14  shows  these  limits  for  two  variates  VA  and  V_  with  the  other  variates  at  fixed  values.  C  is 
a  constant,  determined  by  the  fixed  values  chosen  for  the  other  variates. 


kvc  >  vc,).P<v„  l  vni> 


Suffix  I  (IwiolM  Initial  condition 


FI  GORE  U.  RANGE  OF  AND  TO  BE  INVESTIGATED  WITH  ?c  AMD  VD  FIXED 


The  VTOL  (Vertical  Take-Off  and  Landing)  column  of  Table  1  of  HIL-A-8863A  does  not  really  address 
vertical  landing,  since  it  requires  variation  of  yav  angle  (vhicn  has  r.o  effect  in  a  VL),  but  omits  lateral 
velocity.  Substitution  of  yaw  by  lateral  velocity  was  agreed  with  the  procuring  authority  for  vertical 
landing,  and  It  vaa  further  shown  that  only  the  following  four  variates  need  be  considered  in  detail: 

(^)  SINK  SPEED 

(ii)  PITCH  ANCLE 

(iii)  ROLL  ANGLE 

(iv)  LATERAL  VELOCITY 


Ail  comb) nations  of  these  variates  can  be  covered  by  a  series  of  load  contour  plots  like  figures  15  and  16. 
Here  sin*  speed  «nd  pitch  angle  are  temporarily  fixed,  and  load  contours  »*tc.  are  plotted  on  a  graph  of 
roll  angle  against  .lateral  velocity. 


MAIN  GRAT  VERTICAL  LOAD  CONTOURS 


1?  ft 


R  'l  l  ANr.lJf  «i>w,i 


RIGURK  15.  MAIN  GEAR  VERTICAL  ;  AD  AND  CLOSURE  CONTOURS  SINT  SPEED  OR  1?  KT/SRC  AND  PITCH  ANCU.  OK  8 
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KAJH  r.fJA  PEAK  SIDE  LOAD  TO  PORT 


RAIN  GEAR  PEAK  St PR  LOAD  TO  STARBOARD 


5 


3 

S 


3 


i 


2 


1 


0 


ROLL  AJCL1  (DEG) 


FIGURE  16.  HAIR  GEAR  SIDE  LOAD  VXTH  SDK  SPEED  OF  12  FT/SBC  ARD  PITCH  ANGLE  OF  8* 


Figuie  17  shows  roll  and  lateral  velocity  combinations  producing  limit  load  boundaries  tor  the  various  gear 
units  at  fixed  sink  speed  and  pitch  angle,  in  relation  to  the  probability  boundary  required  in  this  case. 
For  four  variates  the  value  of  P^.  as  defined  above  is  0.000125. 

Mention  should  be  made  of  a  series  of  landing  impact  parameters  measured  on  the  AV-8A  version  of  the 
Barrier  I  by  KADC.  These  were  invaluable  in  defining  the  multivariate  paramevers  for  the  later  AV  8B.  All 
relevant  impact  quantities  were  extracted  from  70  mm  film  and  expressed  in  statistical  terms:  mean, 
rrandard  deviation,  skew  and  kurtosis  were  lis.ed  for  statistically  significant  numbers  of  landings.  A 
similar  exercise  was  carried  out  by  the  Roval  Navy  and  the  RAE ,  but  using  a  smaller  film  si2e.  Data  of  this 
Mnd  es  landing  load  prediction  a  sound  statistical  basis  and  should  be  gafheied  whenever  possible. 

Fatigue  loads,  applied  by  the  supplier  to  the  landing  gear  and  by  the  airframe  manufacturer  to  the 
airframe  abutments,  can  be  generated  in  a  similar  way.  In  order  to  limit  the  loadings  to  a  reasonable 
number,  the  probability  density  curve  of  each  variate  must  be  •lumped"  as  shown  in  figure  18,  in  this  case 
o  five  discrete  values.  The  overall  pattern  of  cases  to  he  tun  to  produce  the  fatigue  loading  schedule, 
for  a  p.i  r  t  ic  i  La:.  landing  mode,  can  then  he  built  up  from  all  combinations  of  such  discrete  values. 
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12  -8-4  0  4  8  12 


ROLL  ANGLE  (DEG) 


FIGURE  17.  LIMIT  LOADS  AND  MULTIVARIATE  REQUIREMENT  -  VERTICAL  LANDING 


ROLL  ANGLE 


FIGURE  18.  LUMPING  A  ¥  A®  TATE  INTO  FIVE  DISCRETE  VALUES  FOR  FATIGUE 


3.3  SHIP  MOTION  EPPECTS 

Ship  Notion  can  change  the  statistical  paraaeters  for  vertical  landing.  In  order  to  arrive  at  a 
reasonable  rationale,  it  is  necessary  to  consider  hov  a  vertical  landing  is  performed  vith  a  Harrier.  This 
is  acconplished  by  first  hovering  over  the  deck  station  upon  vhich  it  is  desired  to  land.  The  vertical 
position  is  fixed  in  space,  rather  than  relative  to  the  ship.  A  constant  rate  of  descent  is  then  set  up  by 
reducing  the  throttle  setting  slightly,  then  returning  it  to  the  hover  position.  Given  this  procedure,  it 
is  seen  that  the  statistical  variation  of  inpact  paraaeters  should  be  a  coabination  of  tvo  uncorrelated 
distributions,  one  due  to  the  aircraft  (siailar  to  operation  froa  land)  the  other  due  to  the  ship,  vhich 
can  be  defined  froa  ship  data,  independently  of  the  aircraft. 
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4.  ROUGH  FIELD  OPERATIONS 

4.1  THE  BUMP  SPECTRUM 

Some  versions  of  Harrier  I  and  Harrier  II  have  been  cleared  for  operation  from  unprepared  fields. 

This  generally  means  grass  fields  with  or  without  an  interlocking  metal  strip  covering.  The  ground 
roughness  is  quantified  by  a  method  believed  to  be  unique  to  the  Royal  Air  Porce  and  known  as  the  "Bump 
Spectrum".  Production  of  the  bump  spectrum  for  a  particular  rough  surface  is  illustrated  in  figure  19,  and 
figure  20  shows  a  typical  result  produced  by  computer  although  the  process  is  simple  enough  to  implement  by 
hand.  The  method  works  very  well  in  practice  and  the  bump  spectrum  plots  can  be  related  to  the  more 
fundamental  Power  Spectrum  method. 


POINTS  (L. ,h. ) ,  (Lj.hj)  BTC  ABE  PLOTTED  ON  A  HUMP  SPECTRUM  DIAGRAM 


FIGURE  19.  DERIVATION  OF  BUMP  SPECTRUM 


UNDULATION  LENGTH  (M) 


FIGURE  20.  TYPICAL  BUMP  SPECTRUM 


4.2  TEST  PHILOSOPHY 

Rough  ground  clearance  of  a  particular  aircraft  presents  a  statistical  difficulty  even  vhen,  as  in  the 
case  of  Harrier  GR  Mk  S,  fully  instrumented  trials  were  carried  out.  During  such  trials  it  is  practical  and 
reasonable  to  use  five  or  maybe  six  different  operating  sites.  Each  strip,  however,  can  only  be  expected  to 
contain  a  few  significant  bumps  and  a  clearance  based  this  would  always  be  open  to  the  objection  that 
another  atrip  meeting  the  bump  spectrum  requirements  could  fully  close  the  landing  gear.  In  order  to 
overcome  such  objections  it  would  be  necessary  operate  from  a  very  large  number  of  strips.  With  a  well- 
validated  model  this  should  be  possible  by  computer  simulation.  Pursuing  this  line  of  thought,  the 
following  rationale  was  developed: 


1)  The  trials  were  only  used  to  validate  the  model.  The  surfaces  used  were: 

(a)  A  smooth  runway  to  check  aerodynamic  loads  in  ground  effect  by  using  the  landing  gear  load 
instrumentation  to  measure  the  lift  and  pitching  moment  directly  at  various  speeds. 

(b)  An  accurately  known  discrete  bmnp,  similar  to  a  standard  runway  repair  bump. 

(c)  Craaa  and  me tal -covered  grass  surfaces  with  increasing  roughness  as  measured  by  the  bump  spectrum 
and  progressively  Increasing  aircraft  velght. 
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2)  Having  validated  the  model,  long  lengths  of  computer-generated  "rough  ground"  were  produced  based  on 
Gaussian  white  noise.  It  was  found  that  a  single  integration  with  respect  to  distance  produced  surfaces 
indistinguishable  from  samples  of  real  ground,  as  Judged  by  the  following  criteria: 

(a)  Similar  Power  Spectra.  This  follows  froa  the  way  the  surfaces  were  generated:  single  integration  of 
white  noise. 

(b)  Siailar  Bump  Spectra. 

(c)  Using  the  aodel  it  was  also  demonstrated  that  the  ratio  of  RMS  load  to  RMS  closure  for  each  strut 
was  similar  for  simulated  and  real  surfaces. 


3)  In  principle  a  large  number  of  take-offs  and  landings  should  then  be  simulated.  It  was,  however, 

demonstrated  that  a  series  of  constant -speed  runs  could  be  substituted,  provided  the  model  was  adjusted 
to  include  the  vertical  forces  and  pitching  moments  due  to  thrust  and,  during  landing,  braking.  Thus 
acceleration  or  deceleration  has  no  effect,  in  itself,  on  response,  but  the  associated  steady  forces 
must  be  included  in  the  aodel.  The  use  of  constant  speed  runs  had  the  advantage  of  making  the  time 
histories  of  loads  and  strut  closures  etc.,  stationary  and  therefore  more  amenable  to  statistical 
processing.  It  should  be  noted  that  the  aodel  was  not  linearised  in  any  way. 


4.3  RESULTS 

4.3.1  Model  Validation 

Some  adjustments  to  the  model  were  required  to  achieve  good  correlation  with  tests.  These  were: 

(a)  Friction  forces,  which  had  been  based  on  static  friction  measurements  had  to  be  considerably 
reduced.  This  is  reasonable,  since  friction  tends  to  reduce  with  increasing  rubbing  velocity. 

(b)  In  common  with  other  workers  it  was  found  that  a  single  gas  spring  curve  would  not  give  satisfactory 
results  over  the  range  of  closure  velocities  experienced  on  rough  ground,  and  it  was  necessary  to 
represent  the  thermodynamic  behaviour  of  the  gas  in  the  struts. 

With  these  adjustments  there  was  generally  very  good  agreement  between  model  predictions  and  test  results, 
as  shown  in  figures  21A  and  21B.  In  these  plots  the  solid  line  is  the  computed  response  using  the  measured 
surface  profile  in  all  cases,  and  the  broken  line  is  the  measured  aircraft  response.  The  computer  model  was 
provided  with  measured  aircraft  velocity  and  engine  fan  speed  time  histories  as  part  of  its  input  data. 


FIGWI  21A-  MEASURED  AMD  PREDICTED  MAIM  GEAR  CLOSURE  40  EMOT  TAB  OVER  GRASS  STRIP 


TIKE  (SEC) 


FIGURE  2 IB.  MEASURED  AND  PREDICTED  ROSE  GEAR  CLOSURE  40  KNOT  TAXI  OVER  GRASS  STRIP 


4.3.2  Monte  Carlo  Method 

Having  accepted  that  coaputer-generated  surface  profiles  could  be  used  and  that  accelerating  and 
decelerating  ground  runs  could  be  replaced  by  a  series  of  constant  speed  runs,  the  clearance  procedure  was 
reduced  to  one  of  tiae  series  analysis.  The  siaulated  ground  surface  (figure  22  for  example)  when 
"traversed"  by  the  aodel  at  50  knots  produced  the  aain  gear  closure  time  history  shown  in  figure  23. 


riami  22.  typical  computer  otihlatsd  t ora  otoo®  profile 
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PIGURB  23.  MAIN  GEAR  CLOSURE  ON  COMPUTER  GENERATED  PRO  PI  LB 


These  time  histories  could  be  processed  in  any  desired  way,  the  most  obvious  being  to  determine  amplitude 
or  peak  probability  distributions.  Both  were  tried  and,  although  peak  distributions  are  theoretically 
desirable,  amplitude  distributions  worked  better  in  practice.  Figure  24  is  a  plot  of  occurrences  in  narrow 
amplitude  bands  for  main  strut  closure,  the  most  critical  quantity  in  the  case  of  the  Harrier  at  the 
critical  speed.  Figure  25  is  a  cumulative  amplitude  plot  of  the  same  quantity  on  a  grid  such  that  a 
Gaussian  distribution  of  amplitudes  would  produce  a  straight  line.  It  will  be  seen  that  the  main  gear 
closure  plot  is  not  straight,  reflecting  the  nonlinearity  of  the  spring  curves  since  the  "ground"  surface 
input  was  Gaussian. 


P1CUM  24.  MAIN  GEAR  CLOSURE  AMPLITUDE  DISTRIBUTION 
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EXCEEDANCE  PROBABILITY 


YIGURB  25.  HAIM  GEAR  CLOSURE  CUMHLATIVB  AMPLITUDE  DISTRIBUTION  ¥ITB  EXTRAPOLATION  TO  CLOSW&  LIMIT 


Various  Methods  were  tried  to  relate  the  probability  plots  to  service  conditions.  All  gave  similar 
results;  the  Most  satisfactory  appeareo  to  be  the  following: 

(a)  It  vas  first  decided  that  an  acceptable  probability  of  full  strut  closure  would  be  once  per  1000 
operations,  equivalent  to  4000  seconds  in  the  critical  speed  range. 

(b)  A  fictitious  Gaussian  distribution  is  fitted  to  the  upper  tall  of  the  cumulative  closure  amplitude 
plot.  This  is  represented  by  the  straight  line  extrapolation  in  figure  25.  Only  the  upper  extremity 
of  the  distribution  is  of  importance,  of  course. 

(c)  Since  the  main  gear  response  is  essentially  narrow-band,  with  a  mean  frequency  of  1.8  Hz,  we  may  say 
that  the  extrapolated  Gaussian  amplitude  distribution  corresponds  to  a  Rayleigh  peak  distribution, 
and  that  this  may  reach  full  closure  once  in  7200  peaks  (i.e.  1.8x4000).  This  sets  a  limit  to  the 
standard  deviation  of  strut  closure  that  can  be  permitted  at  any  particular  aircraft  weight. 
Typically,  4.8  standard  deviations  must  be  allowed  between  mean  and  full  closure. 


5.  IIRWAT  DIRECTIONAL  STABILITY 

The  unusual  landing  gear  arrangement  of  the  Harrier  has  made  us  conscious  of  the  importance  of  the 
directional  stability  of  aircraft  on  runways,  a  phase  of  operation  often  overlooked,  since  the  usual 
tricycle  arrangement  tends  to  be  inherently  stable.  It  is  well  known,  however,  that  the  aircraft  of  fifty 
years  ago  having  castering  tail  wheels,  were  directionally  unstable  at  low  speeds. 

Directional  stability  on  the  runway  can  be  assessed  by  relatively  simple  modelling,  but  simulator 
work,  with  a  pilot  in  the  loop,  seems  necessary  for  good  results.  Reference  2  appears  to  predict  tyre 
cornering  power  (the  dominant  effect)  with  reasonable  accuracy,  as  discussed  in  section  3.1. 

An  interesting  example  of  a  runway  stability  problem,  from  the  Harrier  (Kestrel)  prototype  days  may  be 
mentioned.  Following  a  very  light  landing,  it  vas  possible  for  the  aircraft  to  roll  over  slightly, 
producing  the  main  gear  loading  situation  shown  (exaggerated)  in  figure  26. 
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FIGURE  26.  HATH  GEAR  IN  ROLLED  ATTITUDE  FOLLOWING  A  LIGHT  LANDING 


This  resulted  not  only  in  the  loss  of  (stabilising)  side  force  from  one  tyre,  but  also  the  cornering  power 
of  the  remaining  tyre  was  reduced  by  overloading.  As  shown  in  figure  27,  instead  of  two  tyres  operating  at 
point  A  on  the  cornering  power  curve,  there  was  only  one  tyre  at  point  B.  The  problem  was  solved  by 
introducing  a  main  gear  modification  permitting  the  strut  to  compress  with  almost  no  load  until  both 
outriggers  had  made  contact  with  the  ground,  thus  avoiding  the  rolled  attitude. 


FIGURE  27.  REDUCED  CORNERING  ROWER  DUB  TO  ORB  TIRE  OPERATING  AT  POINT  B 
INSTEAD  OF  TWO  TIRES  OPERATING  AT  POINT  A 


6.  CONVERTING  TO  RADIAL  TYRES 

All  marks  of  Harrier  are  in  the  process  of  converting  t"  radial  ply  tyres.  These  tyres  have  several 
advantages  over  cross-ply  or  bias  tyres,  as  demonstrated  in  the  automotive  field.  When  converting  an 
existing  aircraft  to  radials,  load  and  directional  stability  implications  need  to  be  considered. 


6.1  LANDING  GEAR  LOADS 

Instances  of  increased  landing  gear  loads  due  to  changing  to  radial  tyres  can  be  predicted 
theoretically.  The  most  obvious  is  in  a  conventional  or  slow  landing  with  appreciable  yaw  at  touchdown 
where  increased  "cornering  power"  (i.e.  side  force  per  unit  slip  angle)  can  be  expected  to  increase  wheel 
side  forces.  Also  wheel  side  loads  in  low-speed  turns  can  be  expected  to  be  redistributed.  Conversely,  the 
reduced  lateral  static  stiffness  of  radial  tyres  would  be  expected  to  reduce  side  loads  in  vertical 
landings  with  lateral  velocity,  possibly  throwing  more  load  on  to  other  wheels,  when  these  are  not  fitted 
with  radials. 

Although  the  mass  of  a  radial  tyre  tends  to  be  lover  than  the  equivalent  cross-ply  tyre,  the  moment 
of  inertia  is  generally  higher,  with  implications  for  spin-up  drag. 


6-21 


6.2  DIRECTIONAL  STABILITY 

The  increased  cornering  power  of  radial  tyres  can  theoretically  have  an  effect  on  runway  directional 
stability,  particularly  on  an  aircraft  such  as  the  Harrier  where  not  only  is  there  an  unusual  distribution 
of  static  load  between  nose  and  sain  gears  (close  to  50/50),  but  also  tyre  forces  generally  are  large  in 
relation  to  aerodynamic  forces.  As  with  road  vehicles  radial  tyres  at  the  rear  are  stabilising  and  at  the 
front  destabilizing  (assuming  an  increase  in  cornering  power).  At  the  very  least  aircraft  converted  to 
radial  tyres  should  be  assessed  by  an  experienced  test  pilot.  It  is  also  necessary  to  establish  clear  rules 
about  the  mixing  of  tyre  types. 


7.  CONCLUDING  REMARKS 

Ramp-assisted  take-off  with  the  Harrier  created  a  new  loading  action  for  the  landing  gear.  The 
resulting  loads  are  readily  predictable  and  no  difficulties  have  been  encountered  using  gear  units  not 
originally  designed  for  the  purpose. 

Vertical  landing  differs  fundamentally  from  conventional  landing  in  that  landing  gear  side  loads, 
produced  by  a  different  mechanism,  are  potentially  as  large  as  the  corresponding  vertical  loads. 

The  Monte  Carlo  approach  to  rough  ground  clearance  on  Harrier  II  resulted  in  some  economies,  since  it 

permitted  the  number  of  test  flights  to  be  reduced  without  loss  of  confidence.  A  similar  approach  could 

probably  be  used  for  the  more  common  requirement  of  clearance  for  operation  on  repaired  runways  which  might 
be  regarded  as  random  surfaces  not  necessarily  having  Gaussian  amplitude  properties. 

Runway  directional  stability  calculations,  at  their  simplest,  are  relatively  easy  to  carry  out  and  it 

is  surprising  that  they  do  not  receive  as  much  attention  as  flight  cases.  They  are  indispensable  in  the 

case  of  unconventional  landing  gear  layouts  and  can  be  useful  also  in  predicting  the  effect  of  burst  tyres, 
steering  system  failures,  etc. 

The  effects  of  fitting  radial  tyres  to  established  aircraft  types  must  be  considered  seriously,  taking 
into  account  possible  load  increases  and  changes  in  runway  directional  stability. 
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APPENDIX  1 


A  SIMPLIFIED  EXPLANATION  OP  RAMP- ASSISTED  TAKE-OFF 

First  consider  the  take-off  of  a  conventional  aircraft  (figure  Al).  The  runway  is  used  to  accelerate 
the  aircraft  to  flying  speed  on  the  ground.  Aircraft  rotation  then  produces  enough  wing  lift  for  unstick. 
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FIGURE  Al.  TAKB-OPP  OP  CONVENTIONAL  AIRCRAFT 


Figure  A2  shows  a  Harrier  "short  take-off".  This  aircraft  does  not  rotate  in  the  usual  sense;  instead 
the  engine  nozzles  are  partially  rotated  so  that  the  combined  upward  components  of  engine  thrust  and  wing 
lift  produces  unstick,  even  though  the  wing  lift  is  much  less  than  the  weight. 


Introduce  a  ramp,  as  sLuva  in  figure  A3,  with  the  end  150m  from  the  start  of  the  ground  run.  First 
consider  the  hypothetical  case  of  no  forward  acceleration  or  lift  increase  after  leaving  the  ramp.  In  this 
case,  the  aircraft  would  describe  a  ballistic,  parabolic,  trajectory  and  re-land  approximately  1000m  from 
the  start  point.  This  in  itself  is  of  little  use  but  note  that  a  "runway"  1000m  long  has  been  created. 


FIGURE  A3.  BALLISTIC  BEHAVIOUR  IP  AIRCRAFT  DID  NOT  ACCELERATE  AFTER  RAMP  LAUNCH 


Actually,  as  shown  _!n  figure  A4,  the  aircraft  does  accelerate  considerably  during  the  ballistic  phase* 
and  flies  out  of  the  parabola  because  of  the  build  up  of  wing  lift  combined  with  the  vertical  component  of 
engine  thrust.  It  is  using  an  effective  "runway"  much  longer  than  th<?  real  runway  and  the  ramp-assisted 
take-off  run  can  be  less  than  one-quarter  of  that  required  for  a  flat  STu,  exDlaining  the  expression  "the 
runway  in  th*  sky".  It  is  thus  feasible  to  launch  heavy  aircraft  from  very  small  ships. 


FIGURE  A4 .  ACTUAL  BEHAVIOUR  VI TH  AIRCRAFT  ACCELERATING 


Conventional  aircraft  have  used  the  ski-jump  technique  but,  in  comparison  with  the  Harrier,  the 
reduction  in  take  off  run  is  considerably  less  because  engine  thrust  cannot  be  vectored. 
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DETER!  TtATION  OP  OPTIMUM  ANGLE 

For  a  given  «ark  of  Harrier,  it  is  possible  to  produce  cm  rts  like  figures  A5,  A6  and  A7.  Figure  A5 
shows  the  Minima  speed  at  the  end  of  the  ramp  to  give  a  safe  launch  as  a  function  of  weight  and  launch 
angle.  This  chart  would  be  unaffected  by  the  nethod  of  launch:  for  exaaple  it  would  apply  equally  well  to 
an  aircraft  catapulted  at  that  speed  and  angle.  Figure  A6  shows  the  aaxiaua  launch  speed  froa  the  viewpoint 
of  the  landing  gear  strut  closure  as  a  function  of  veight  and  ranp  radius.  Figure  A7  shows  the  achievable 
endspeed  as  a  function  of  weight  and  deck  run. 


FIGURE  A5.  MINIMUM  ENDSPEED  FOR  SATISFACTORY  TRAJECTORY 


LAUNCH  VEICHT 


FIGURE  A6.  MAXIMUM  ENDSPEED  DUE  TO  LANDING  GEAR  LIMITATION 


FIGURE  A7. 


ACHIEVABLE  ENDSPEED 
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Deck  run  is  the  most  fundamental  limitation  and  it  is  also  clear  that  exit  angle  and  radius  are 
related  by: 

H  =  R(1  -  cosot) 

for  any  given  ramp  height  or  length,  the  other  main  limitations  (see  Figure  A8). 


FIGURB  A9.  OPTIMUM  RAMP  ANGLE  AS  A  FUNCTION  OP  RAMP  HEIGHT  AND  AVAILABLE  DECK  RUN 


It  is  easy  to  show  that  an  optimum  ramp  angle  exists,  defined  as  that  which  will  permit  the  maximum 
aircraft  weight  to  be  launched,  and  is  the  angle  where  all  three  limitations  listed  below  coincide: 

(i)  PERFORMANCE  (Flight) 

(ii)  LANDING  GEAR  LOAD/CLOSURE 

( iii)  DECK  RUN. 

The  optimum  angle  may  be  plotted,  as  a  function  of  available  deck  run  and  permissible  ramp  height  as  shown 
in  figure  A9. 

Having  determined  an  approximate  optimum  angle,  simulation  methods  are  used  to  refine  the  estimate, 
taking  into  account  further  variables  such  as  wind  over  deck,  ship  motion,  etc.  Although  useful  as  an 
approximation,  having  simple  geometry,  purely  circular  arc  ramps  are  not  recommended  for  the  reasons  given 
in  2.1. 


CONSIDERATIONS  ON  OPTIMALITY  OF 
LANDING  GEAR  ARRANGEMENT  AND  DESIGN 


A.  J.Krauss 

MBB-Deutsche  Aerospace,  Military  Airplane  Division 
Postfach  80  11  60,  8000  Muenchen  80 

Germany 


1.  INTRODUCTION 


Much  effort  has  been  spent  and  is  still  being  spent  on  development  and  improvement  of 
optimization  procedures  and  computer  codes. 

The  formal  task  of  optimization  is  to  quantify  that  set  of  design  variables  which  both 
satisfies  a  set  of  constraints  and  yields  the  absolute  maximum  or  minimum  of  an  objective 
function.  One  of  the  intrinsic  problems  of  optimization  is  that  the  objective  must  be 
expressed  as  a  numerical  quantity,  which  often  leads  to  conversion  problems  (in  which  way 
can  one  convert  a  quality  into  a  nonnegative  real  number?).  An  other  even  more  serious 
problem  is  that  formal  optin'  Tat  ion  requires  that  the  dependence  of  the  objective  on  the 
design  variables  must  be  analytically  defined.  In  relation  to  these  problems  it  appears  of 
secondary  importance  that  in  most  cases  the  optimization  process  will  stop  at  the  local 
"optimum"  which  is  closest  to  the  starting  design,  albeit  there  might  exist  better  optimum 
solutions  across  the  surrounding  ridges  of  the  objective  function.  Before  formal 
("automatic")  optimization  methods  are  called  in,  the  design  must  therefore  be  developed  to 
a  starting  point  in  reasonable  vicinity  to  the  real  optimum. 

A  retractable  landing  gear  is  complex,  requires  a  lot  of  internal  space  on  the 
airplane,  features  a  variety  of  doors,  spoils  the  cleanliness  of  the  structure  by  large 
cutouts  and  local  introduction  of  large  loads,  and  adds  weight.  Unquestionably  the  landing 
gear  impairs  flight  performance  proper  of  an  airplane.  However,  operational  benefit  from  a 
landing  gear  apparently  is  big  enough  to  outweigh  said  disadvantages.  It  appears  that  the 
primary  objective  of  airplane  design  is  operational  usefulness. 

Now,  having  accepted  the  landing  gear  as  a  basically  useful  subsystem  the  aircraft 
designer  should  proceed  by  integrating  the  landing  gear  into  the  overall  functional 
optimization  of  the  system.  Based  on  a  functionally  sound  general  arrangement  of  the  landing 
gear,  specialists  for  aircraft-integrated  landing  gear  loads  evaluation  teamed  with  landing 
gear  design  specialists  should  provide  for  optimum  detail  characteristics  fulfilling  a 
variety  of  design  criteria.  At  that  point,  the  climax  of  the  landing  gear  related  design 
process  could  be  structural  weight  optimization  which  then  yields  the  optimum,  i.e.  the 
system  integrated  optimum  function  at  minimum  weight. 

Hie  primary  aim  of  present  paper  is  to  provide  combat  aircraft  designers  with 
information  on  landing  gears  such  that  they  are  enabled  to  treat  design  conflicts  on  a 
rational  basis  and  to  solve  them  with  a  keen  sense  of  overall  optimum. 


2.  LANDING  GEAR  FUNCTIONS 


The  author  does  not  intend 
gears.  Rather  there  will  be  the 
functions ‘while  keeping  in  mind 
other  nor  from  the  aircraft  and 


to  weigh  the  importance  of  the  various  functions  of  landing 
attempt  to  proceed  from  "simple"  functions  to  mote  complex 
that  all  these  functions  cannot  truly  be  separated  from  each 
its  characteristics. 


2.1  PROTECTION  AGAINST  UNDUE  GROUND  CONTACT 


This  function  should  be  provided  in  all  phases  of  taxi-out,  take-off,  landing,  taxi-in, 
and  ground  operations  such  as  reverse  braking.  Deficiencies  w. r.t.  protective  function 
detrimentally  affect  total  weapon  system  effectiveness  and  life  cycle  cost  by  e.g.  increased 
aircraft  downtime  due  to  more  frequent  structural  damage. 


2.1.1  Stiol^t  Ground  Roll 


The  protective  function  requires  a  minimum  clearance  between  the  lowest  point  of  the 
aircraft  (including  external  stores)  and  the  plane  ground  beneath  an  "all  flat"  landing 
gear.  The  residual  ground  clearance  is  recommended  to  be  at  least  0.15  m  (6",  Ref.l)  against 
fixed  and  movable  parts  in  their  most  critical  position.  Under  normal  operating  conditions, 
this  clearance  is  deemed  sufficient  to  cope  for  elastic  deflections  of  landing  gear  and 
aircraft  as  well  as  for  arrestor  cables  bouncing  up  behind  nose  and  main  landing  gear.  If 
the  "all  flat"  condition  was  caused  by  a  failure,  then  this  clearance  leaves  the  operator 
with  a  fair  chance  to  remove  external  stores  from  the  aircraft  before  jacking  or  hoisting. 
This  ground  clearance  requirement  determines  the  least  possible  lengths  inence  least  weight, 
approximately)  of  the  landing  gear  legs  with  a  given  wheel  size. 


2.1.2  Landing  Touch-Down 


Para  2.1.1  has  dealt  with  protection  in  a  virtually  ground-parallel  attitude  when  the 
only  requirement  w.r.t.  main  landing  gear  position  is  that  the  effective  point  of  ground 
contact  must  not  be  farther  forward  than  the  aircrafts  most  rear  C.G.  position  with  landing 
gear  extended. 

Unless  the  aircraft  is  equipped  with  a  tail  bumper  the  extreme  landing  pitch  attitude, 
on  an  "all  flat"  main  landing  gear,  sets  the  requirement.  Ref.l  sees  that  extreme  attitude 
at  90%  of  the  maximum  lift  coefficient;  however,  with  computerized  flight  controls  and 
vectorized  thrust  this  may  well  be  exceeded.  There  should  also  be  consideration  of  failure 
cases  such  as  flaps-up  landings. 

Although,  on  paper,  landing  pitch  attitudes  could  be  limited  by  limited  pilots'  view 
the  designer  should  not  hastily  soften  up  landing  gear  position  requirements  on  this  ground. 
It  might  prove  relatively  easy  to  improve  pilots'  ability  to  compensate  poor  view  (e.a.  by 
electronic  means)  while  cost  for  repositioning  of  the  landing  gear  could  be  prohibitive. 

Thus  considerable  landing  performance  potential  can  be  lost  due  to  an  early  mistake. 

Aspects  of  protection  treated  so  far  are  summaiized  in  Figure  1:  Acceptable  ground 
clearance  in  symmetric  ground  roll  and  landing  is  provided  by  a  main  landing  gear,  if  the 
wheel  axle  or,  with  a  bogie,  the  bogie  pivot  in  the  "all  flat"  condition  is  positioned  on  or 
below  the  solid  line  angle  shown  in  Fig.l. 

Ground  clearance  aspects  could  be  treated  without  referring  to  the  aircraft's  C.G. 
position.  However,  fulfilment  of  the  following  protective  function  requires  consideration  of 
C.G.  position  both  longitudinally  and  vertically. 


2.1.3  Reversal  of  Landing  Gear  Pitching  Moment 

The  ground  clearance  consideration  of  para  2.1.2  does  not  allow  for  pitch  up  motion  of 
the  landing  aircraft.  Therefore  a  straight  line  normal  to  the  ground  line  at  extreme  pitch 
attitude  through  the  most  adverse  C.G.  position  should  lie  ahead  of  the  main  wheel  axle  in 
its  fully  extended  position  (Fig. 2). 

This  requirement  is  not  only  based  on  protection  against  ground  contact  but  also  on 
aspects  of  flight  safety  and  flight  performance.  Flight  safety  is  enhanced  if  at  all 
permitted  landing  touch-down  attitudes  regardless  of  runway  friction  the  ground  forces  on 
main  landing  gear  induce  a  pitch-down  moment.  Flight  performance  is  enhanced  if  pilots  may 
land  their  aircraft  at  high  pitch  attitude  and  correspondingly  low  approach  speed  without 
having  to  expect  reversal  of  landing  gear  pitching  moment. 

Fig. 3  illustrates  that  a  limitation  of  landing  pitch  attitude  may  lead  to  considerable 
increase  in  landing  speed  and  consequently  loss  of  A/C  landing  performance. 

Hiis  loss  could  eventually  be  exp-essed  by  an  analytical  function  and  be  included  in  a 
formal  optimization  procedure. 


2  14  Reverse  Braking  (Tail-Tipping) 

Aircraft  handling  by  ground  crew  includes  coarse  brake  application  while  rolling 
backwards.  Operational  experience  w.r.t.  A/C  handling  by  ground  crew  appears  to  be  cast  into 
a  requirement  of  MIL-A-0862. 

Reverse  braking  at  an  initial  speed  of  5  raph  (approximately  twice  pedestrian  speed)  must  not 
lead  to  tail-tipping,  unless  a  suitable  tail-bunper  is  provided. 


If  any  possible  a  tail-bumper  should  be  avoided  on  a  combat  aircraft  due  to  various  reasons: 


°  Potential  conflirts  with  arrestor  hook. 

0  Added  weight  and  system  complexity. 

0  With  a  tail-bunker  there  is  either  a  modified  landing  ground  clearance  requirement 
eventually  leading  to  a  longer  and  heavier  landing  gear  or  design  of  the  tail-bumper 
and  its  supporting  structure  must  cope  for  landing  loads. 

With  C.G.  in  its  most  adverse  position  (rear  and  high)  relative  to  the  main  wheel 
ground  contact  point  in  static  position,  the  angle  k  (see  insert  on  Fig.  4)  could  be 
determined  to  not  less  than  39  deg  by  the  simple  requirement  that  a  braking  ground  drag 
coefficient  of  »  0.8  should  not  completely  unload  the  nose  LG. 

However,  detailed  dynamic  analysis  of  reverse  braking  yields  much  less  restrictive  values 
for  k  . 

Results  for  a  combat  aircraft  (Fig. 4)  show  that  in  this  case  a  tail-bumper  can  be  avoided 
if  k  >  17  deg. 

The  geometry  of  this  boundary  condition  is  shown  on  Fig. 5.  The  dependence  of  affordable 
reverse  speed  on  the  angle  k  could  also  be  cast  into  a  penalty  function  and  be  used  in  a 
formal  optimization  procedure. 

Cautionary  note:  The  angle  k  is  measured  in  the  earth-fixed  coordinate  system.  Static 
pitch  attitude  of  the  aircraft  must  be  taken  into  account  to  arrive  at  the  appropriate  angle 
in  the  aircraft-fixed  design  coordinate  system. 


2.2  NOSE  WHEEL  LIFT-OFF 


Strictly  speaking,  only  special  landing  gear  designs  such  as  a  "Jump  Strut"  may  enhance 
nose  wheel  lift-off.  However,  this  function  is  antithetic*!  to  para  2.1.4  Reverse  Braking 
and  is  therefore  due  to  be  discussed  here. 

An  aircraft  can  be  lifted  off  the  runway  as  soon  as  Lift  exceeds  Weight.  For 
conventional  HTOL  aircraft  lift  is  basically  a  function  of  airspeed  and  angle  of  incidence. 
Tn  order  to  achieve  shortest  possible  take-off  ground  roll  distance  maximum  allowable 
incidence  should  be  attained  at  the  time  when  minimum  lifL-wfl  t>peed  is  reached.  To  attain 
the  incidence  in  general  requires  rotation  of  the  aircraft  from  a  by  and  large  horizontal 
position.  However,  this  rotation  can  only  take  place  if  and  when  the  aerodynamic  moment 
about  the  pitch  axis  overcomes  the  opposing  moment  produced  by  vertical  and  drag  ground 
forces  on  the  landing  gear.  Nose  wheel  lift-off  speed  must  be  less  than  main  wheel  lift-off 
speed.  Since  rotation  takes  finite  time,  the  required  difference  ^*-*»een  noco  t**he*>1  lift-off 
(NWLO)  speed  and  Main  Wheel  Lift-off  (MWLO)  speed  becomes  larger  with  larger  A/C  thrust  to 
weight  ratio. 

The  following  equation  yields  the  nose  wheel  lift-off  speed  with  two  simplifying 
assumptions,  viz.  that  the  aircraft  is  rigidly  supported  on  the  ground  and  that  lifting 
forces  and  pitching  moments  are  produced  aerodynamically. 
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It  is  apparent  that  the  easiest  way  to  achieve  any  desired  nose  wheel  lift-off 
speed  is  manipulation  of  the  longitudinal  distance  from  C.G.  to  main  LG  ground  contact, 
L.,in.  However,  this  may  lead  to  operationally  unfit  LG  configurations  (e.g.  with 
respect  ot  re/eise  braking).  To  avoid  this  it  is  urgently  recommended  to  perform  dynamic 
simulations  which  include  cue  flexibility  of  LG  and  tyres.  This  is  much  closer  to 
reality  than  the  assumption  of  rigid  support  and  yields  larger  affordable  than  eq. 


With  modern  aerodynamically  unstable  aircraft  designs  dc^./dc  is  positive  for 
controls  fixed.  With  regards  to  VWWLO  it  would  therefore  be  beneficial  to  engage 
artificial  stabilization  only  after  nose-wheel  lift-off. 

If  the  design  of  the  aircraft  features  powered  lift  and/or  powered  moment  (e.g.  by 
thrust  vectoring)  there  should  be  no  problem  with  VNWL0 ,  as  can  be  seen  from  Eq.  7.2-2: 
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It  is  certainly  possible  to  derive  a  formal  optimality  criterion  based  on  the  ratio 
of  VNWto  achieved  to  desired,  but  definition  of  the  weighting  factor  should  cope  for  the 
fact  that  LG  is  not  the  only  contributor  to  an  eventually  unsatisfactory  VBWL0 . 

Fig. 6  and  Fig. 7  show  that  there  might  be  no  free  choice  between  a  levered  and  a 
telescopic  main  LG  design.  Whilst  at  moderate  touchdown  attitude  all  requirements  of 
para  2.1  could  be  met  by  both  designs  (Fig. 6),  an  increased  touchdown  attitude  enhances 
a  telescopic  design.  Telescopic  design  provides  for  a  static  wheel  position  which  is 
close  to  the  most  forward  position  limit  and  thus  is  least  detrimental  to  VNWto . 


2.3  MISCELLANEOUS  FUNCTIONS 


The  following  is  an  incomplete  collection  of  functions  which  contribute  to  the 
rating  of  a  landing  gear. 


2.3.1  Turning  Responsiveness 


In  adverse  conditions  (e.g.  gusty  sidewind,  low  ground  friction  coefficient)  a  good 
aircraft  response  to  nose  wheel  steering  input  is  desirable  to  keep  the  aircraft  on 
track,  especially  if  this  track  is  a  narrow  Minimum  Operating  Strip  on  a  repaired 
runway. 

The  performance  criterior.  proposed  here  is  "yaw  acceleration  per  lateral  friction 
coefficient  at  nose  LG".  This  ratio  can  be  shown  to  be 
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Eq.  2.3-1  can  be  rearranged  by  substituting  the  distribution  of  static  load  on  nose  and 
main  LG: 


"  FSt.tic  no../W  -  FPR0P,o,. 

,.in/W  -  l-FPROPno## 


Eq.  2.3-1  becomes 
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This  performance  criterion  improves  linearly  with  wheelbase.  The  product 
FPFOPno,#  *  (l-FPFOPnog#  ) 

has  a  maximum  of  0.25  at  FPRQPnog#  -  0.5,  i.e.  at  equal  distribution  of  static  load, 
which  is  certainly  not  achievable  with  conventional  LG  arrangement.  However,  within  the 
usual  range  of  FPFOPno##  (0.08  to  0.15)  there  is  an  almost  linear  increr.se  of  the 
product  with  F^R0Pno##(  i.e.  with  increasing  l.,ln/WB. 


2.3.2  Main  Wheel  Braking  Efficiency 


Braking  relieves  main  LG  vertical  load.  The  magnitude  of  this  relief  depends  on  LG 
geometry  and  on  the  braking  drag  force. 

It  appears  that  the  degree  to  which  max.  available  braking  drag  coefficient  can  be 
converted  into  A/C  deceleration  is  an  appropriate  performance  criterion: 


Brake  Efficiency 


BE  -  n *//>8r,k. 


hence 


BE  -  <Fw..ln/W)br.k#d. 

Since 

b  r  •  k « d  -  »  •  i.o../(WB  +  *br.fc«  *  *CG  )  * 

braking  efficiency  becomes  a  function  of  LG  geometry  and  max.  available  braking  drag 
coefficient: 

BE  -  1*0. •/<WB  +  "8r.k.  *  »Vg>  (2.3-3) 

BE  -  l-(l,.ln  +  */Br.k.  •  Ivc)/(WB  +  -beg).  (2.3-4) 


Since  the  partial  derivative  of  BE  w.r.t  lp>ip. 


3BE/dl..lft  -  -1/(WB  +  •  h^), 

is  comparatively  small  at  a  reasonably  sized  WB  the  brake  efficiency  criterion  should 
not  exert  much  influence  on  the  definition  of  the  optimum  l„,in. 


2.3.3  Steady  and  Dynamic  Nose  Load  Increment  Due  to  Braking 


With  about  10%  of  aircraft  weight,  nose  LG  is  relatively  lightly  loaded  statically 
However,  load  shift  during  braking  may  produce  a  nose  wheel  load  which  is  mote 

than  twice  the  static  load.  If  brakes  are  applied  rapidly  there  is  an  additional  dynami 
load  increment  which  in  a  first  approximation  may  be  equal  to  or  even  larger  than  tne 
steady  load  increment.  It  can  be  larger  because  the  progressive  characteristic  of  the 
usual  airsprings  effect  nonlinear  dynamics. 

If  performance  and  design  criteria  of  am  aircraft  comprise  operations  from  bomb 
damaged  and  repaired  runways  this  requirement  could  yield  the  critical  vertical  load 
case  on  nose  LG  because  the  load  from  the  obstacle  must  eventually  be  accommodated  on 
top  of  the  dynamic  load,  but  in  any  case  on  top  of  the  steady  braked  load. 

Fig. 8  shows  computer  simulation  results  for  a  rapid  (0.2  s  Brake  rise  time)  and  a 
slow  (1.0  s)  brake  application.  However,  unless  automatically  controlled,  slow  brake 
application  cannot  be  enforced  in  an  operational  environment  and  can  hence  not  be 
assumed  in  calculating  design  loads. 

To  consistently  reduce  nose  LG  load  requires  reduction  of  the  nose  LG  load 
increment  due  to  steady  braking,  $FBrak#(J. 

•  hco/fWB'  +  WBv,,.k.-hc0)  (2.3-5) 

Eq.  2.3-5  deserves  discussion  because  it  offers  *  0  for  Kot*  m  0  or  ^cg  ■ 

However,  )\.a  -  0  is  a  physically  meaningful  solution  (i.e.  low  C.P.  position)  whilst 
lno|-  -  0  indicates  that  A/C  weight  is  supported  by  nose  LG  alone  and  that,  regardless 
of  ^8nk«'  tbe  brake  drag  force  on  main  LG  is  zero. 

It  is  therefore  necessary  to  apply  performance  criteria  for  nose  load  increment 
(Eq.  2.3-5)  and  for  brake  efficiency  (Eq.  2.3-4)  concurrently  to  obviate  an  "optimal" 
solution  at  l„OB#  ■  01 

Deriving  dynamic  nose  load  increment  as  a  function  of  1/3  geometry  is  a  difficult 
task.  However ,  \Q  -  0  is  a  physically  meaningful  solution  (i.e.  low  C.G.  pocition) 
whilst  lno00  -  0  indicates  that  A/C  weight  is  supported  by  nose  LG  alone  and  that, 
regardless  of  */tr(lk#,  the  brake  drag  force  on  main  LG  is  2ero. 

It  is  therefore  ne ce scary  to  apoly  performance  criteria  for  nose  load  increment 
(Eq.  2.3-5)  and  for  brake  efficiency  (Eq.  a. 3-4}  -arrurrenHy  to  obviate  an  "optimal" 
solution  at  •  01 . 


Deriving  .dynamic  nose  load  increment  as  a  function  of  LG  geometry  is  a  difficult 
task.  However,  two  points  can  be  deduced  from  linear  dynanu.es : 

0  Dynamic  load  increment  will  be  related  to  steady  load  increment. 

0  Dynamic  load  increment  will  reduce  with  an  increase  of  the  ratio  of  brake  rise 
time  to  A/C  pitch  oscillation  period. 

Provided  that  brake  rise  time  must  not  be  extended,  the  latter  criterion  yields  the 
better  a  performance  the  higher  the  A/C  pitch  natural  frequency  on  its  landing  gear. 
Assuming  linear  spring  stiffnesses  cno,.,  c„.in  pitch  natural  frequency  becomes 


Since  in  general  cno##  and  cB,in  are  being  determined  by  other  considerations, 
lBoM  and  lm4itl  are  the  design  variables.  If  we  further  assume  that  l„,ln/WB  .  * 
lnol#./w*»  ar«»  '■^stants,  we  get 
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where, 


Cl 
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and 


C2  -  ®no# • 


+  “..in 


For  conventional  LG  arrangements  the  contribution  of  landing  gears  to  pitch  moment 
of  inertia  (terra  C2*WB2  in  Eq.  2.3-6)  will  be  in  the  order  of  5%  to  10%.  Hence  under 
normal  circumstances  an  increase  of  wheel  base  will  yield  an  improvement  of  pitch 
natural  frequency.  Eq.2.3-6  yields  f-0  both  at  WB-0  and  WB~«. 

immK  is  reached  at  WB  •  'llyo/C2  : 

f..«  -  Jcl"1  /( 4  •  I..  0  •  C2 ) 0  ■ 2  3 

The  terra  Cl  vanishe®  when  the  performance  criterion  is  defined  as 
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2.3.4  Pitch  Damping 


LC.  damping  also  is  apt  to  reduce  dynamic  nose  LG  load  increment  due  to  brake  initiation. 

There  is  a  great  Barry  of  possibilities  to  provide  LG  damping,  ranging  from  simple 
constant  orifice  oil  flow  restriction  over  metering  pin  through  6emiactive  to  fully 
active  damping  force  generation.  For  sake  of  simplicity  we  shall  consider  constant 
orifice  damping  only. 

Brake  application  disturbs  static  equilibrium  of  the  aircraft  on  its  LG  and  initiates 
pitch  down  motion  of  the  aircraft  and  diving  of  the  nose  LG.  Assuming  constant  LG  spring 
stiffness  and  A/C  mass  properties,  kinetic  energy  of  the  pitching  moment  will  be  roughly 
proportional  to  the  square  of  the  nose  LG  load  increment  due  to  steady  braking,  and  peak 
pitch  rate  will  accordingly  be  roughly  proportional  to  SFbt#k#d  from  Eq.  2.3-5.  Peak 
stroking  velocity  of  the  nos*  LG  then  is  proportional  to  pitch  rate  times  ln9t9, 

r!y1raulic  dashing  force  is  dependent  on  stroking  velocity  squared.  The  size  of  the 
dating  orifices  is  in  most  cases  chosen  on  landing  sinkrate  and/or  on  repaired  runway 
considerations.  Therefore  it  may  be  assumed  that  th*  hydraulic  damping  coef  1? 

not  or.  I  ## .  H6..V-W  in  wui  LdM  cne  peas  Z  won  be  aiMuau 

proportional  to  peak  stiosing  velocity  squared. 


As  a  convenient  performance  measure  one  may  use  the  ratio  of  peak  deunping  force  to  the 
nose  U3  load  increment  from  Eq.  2.3-5: 
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The  result  of  this  coarse  assessment  is  that  pitch  damping  performance  of  a 
hydraulically  damped  passive  nose  LG  improves  roughly  proportional  to  lno„# 


3.  CONCLUSIONS 


There  are  some  more  landing  gear  functional  performance  criteria  left  to  be  treated 
in  the  future,  especially  w.r.t.  ground  roll  stability  and  control  with  integrated 
consideration  of  ground  forces  and  aerodynamic  forces  and  moments. 

As  a  summary  from  the  various  criteria  discussed  above  it  is  concluded  that 
functional  performance  of  a  landing  gear  improves  with  wheel  base  for  almost  any  of  the 
criteria  treated  except  Nose  Wheel  Lift-off. 

It  is  therefore  deemed  necessary  in  case  of  design  conflicts  to  perform  detailed 
dynamic  simulations  of  nose  wheel  lift-off  behaviour  as  early  as  possible  in  the  course 
of  a  project;  if  the  conflict  cannot  be  resolved  thereby  serious  effort  should  be 
applied  to  solve  the  problem  by  total  aircraft  design  and  not  just  by  impairing  landing 
gear  functional  performance. 
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SUMMARY 

I*his  paper  deals  with  strain  gauge  measurements  of  forces  acting  on  the  nose  gear  and  main  gears  of  the  commuter  aircraft 
SAAB  SF-340.  During  initial  flight  test?  forces  in  the  longitudinal,  transversal  and  vertical  directions  were  measured  for  various 
manoeuvres  such  as  take-off.  landing,  xiing  and  lowing  The  investigation  revealed  high  transversal  loads  at  the  main  gears  at 
touch-down.  The  nose  gear  is  most  severely  strained  when  steering  during  taxiing  run  and  when  the  aircraft  is  towed  connected  to  a 
tractor  with  a  tow-bar.  The  results  from  such  initial  measurements  formed  the  basis  for  a  subsequent  investigation  with  on  line  data 
acquisition  of  landing  gear  loads  on  a  commuter  aircraft  in  service  at  Swedair  AB  The  data  acquisition  system  and  the  data  analysis 
methods  are  described  in  some  detail.  The  data  acquisition  was  continuously  carried  out  during  nearly  six  months  including  various 
parame'ers  such  as  different  aircraft  weight  and  static  landing  gear  loads.  Results  from  these  nKasuiements  are  presented  as 
cumulative  exceedances  of  longitudinal,  transversal  and  vertical  loads  obtained  from  the  rain -flow  count  analyses  performed  on 
line  during  the  measurements 

1.  IN  1 1  IDLCTION 

Historically,  landing  gear  loads  have  been  treated  scarcely  in  the  literature  [  1 1  and  not  until  I1'  .'  was  a  first  attempt  made  io 
establish  a  main  landing  gear  load  spectrum  |2|  Still  25  gears  later,  the  landing  g'  ar  is  one  of  the  fixed  wing  aircraft  v  •.■ructural 
co»nporients  that  is  most  liable  «o  collapse  due  i"  fatigue  failure  I  M 

In  modem  airliners,  the  landing  gear  weight  constitutes  about  2-5  percent  of  the  take-off  weight  and  the  landing  gears  often 
have  to  travel  total  distances  in  the  same  order  of  magnitude  as  buses  and  trucks  do  during  a  life  time  In  addition,  high  running 
sp.eds  arc  reached  at  take  off  and  landing  |4|  Furthermore,  the  landing  gear  environment  features  temperature  cycling,  moisture, 
vie  icing  fluids,  oil  and  shots  from  sand  which  has  to  be  considered  in  the  fa  «gue  design  besides  the  multi  axial  I  »adv  In  Fig  I 
three  load  components  have  beer  defined  for  the  nose  gear  ana  the  mam  gear.  A  vertical  torque  may  also  be  included 

When  deriving  the  ground  load  spectrum  for  the  SAAB  SF- 340  commuter  airliner  little  statistics  were  available  in  the  literature 
for  this  category  of  aircraft  Statistics  had  to  be  taken  from  larger  aircraft,  c.g.  the  Airbus  AW  measurements  |5 j  or  smaller  aircraft, 
e  g  of  FAR2  *  category  jbj.  Consequently,  this  research  project  was  started  which  aims  at  producing  landing  gear  load  statisics  for 
commuter  airliners. 

This  paper  firstly  summarizes  the  flight  test  measurements  of  various  manoeuvres,  performed  in  order  to  obtain  time  histones 
of  the  loads  acting  on  the  nose  and  main  landing  gears.  Secondly,  load  statistics  front  in  service  measurements  obtained  during  six 
months  of  actual  usage  are  presented. 

2.  INSTRUMENTATION  AND  CALIBRATION 

;tram  gauges  were  applied  to  the  aircraft  nose  and  left  main  gears  in  order  to  measure  forces  acting  on  the  gears  dunng  ground 
operation  as  seen  in  Figs.  2  and  3 

2.1  Initial  Flight  Test  Measurement 

Ten  strain  gauges  forced,  on  each  gear,  four  half  bridges  and  one  full  bridge  I  he  half  bridges  were  mourned  on  .he  wheel 
hubs  in  order  to  measure  strains  due  to  bending  of  the  hui  caused  by  vertical  and  longitudinal  forces  The  bridges  are  denoted  X,. 
X  .  7  and  ZR  in  Fig  2  and  --orrespond.  mainly,  to  the  forces  X  and  Z  acting  on  left  and  right  wheel,  respectively.  The  full  bridge.  Y. 
was  mounted  on  the  shock  strut  U,'rrttn<T  a  shear  bridge  which  was  believ  I  to  give  signals  proportional  to  V  loads. 


All  gauges  were  applied  below  the  shock  strut  to  avoid  the  influence  of  the  variable  length  ot  the  strut  on  the  forces  calculated 
Irom  the  measured  strains.  Hence,  the  strain  signal  would  iy  almost  proportional  to  the  force  between  ty.es  and  ground 

’Hie  strain  gauge  signals  were  amplified  and  recorded  on  a  tape  recorder  using  PCM  technique  The  strain  gauge  signals  were 
sampl'  d  a  a  frequency  of  1*4  11/. 

The  aim  of  this  flight  test  was  to  record  the  forces  acting  on  the  landing  gear  during  take -oil.  landing  and  ground  oix-rtiionv 
Consequently,  a  careful  calibration  nad  to  lx*  perfonwed  to  evaluate  the  relation  between  measured  strains  and  applied  lo  1  Thus, 
the  loads  applied  duung  the  calibration  must  be  introduced  in  a  way  that  corresponds  to  the  loads  applied  in  the  test  on  the  run  wav 
as  closely  as  possible. 

During  the  calibration,  the  applied  load  was  recorded  together  with  the  simultaneously  occunng  strains  :n  all  bridges.  Thus,  in 
the  general  case,  a  non-iinear  system  of  equations  were  obtained  which  relates  five  force  components  u>  hu*  I  nidge  signals.  The 
calibration  loads  were  applied  stepwi.se  and  the  obtained  non  linear  calibration  curves  were  assumed  to  be  stepw  ise  linear  between 
each  calibration  point.  This  can  be  justified  due  to  the  very  smooth,  almost  ■  inear.  relationship  between  strains  and  loads.  The  svs- 
;m  of  non-line;tr  equation  wac  *  jived  for  each  time-step  of  recorded  strains  during  the  flight  te*t  to  yield  the  desired  force  com¬ 
ponents.  However  the  cross  influences  from  one  force  to  another  strain  gauge  bridge  were  negligible  as  long  as  the  loads  are 
svmmetneally  distributed  between  the  wheels  of  each  gear  and,  hence,  the  bridge  signals  were  proportional  to  respective  force 

Seven  calibration  cases  were  carried  out  for  each  gear  comprising  symmetrical  and  unsymmetrical  forces  m  both  positive  and 
negative  x  and  y  directions  and  m  the  positive  z  direction.  It  is  to  be  noted  that  force  components  (F  and  F  >  tor  each  wheel  were 
evaluated  but  in  mis  paper  only  bit  resultants  and  F^  are  presented  together  with  . 

2.2  In-Service  Measurements 

The  strain  gauge  instrumentation  for  the  initial  flight  test  described  in  the  proceeding  section  was  slightly  changed  for  the  in- 
service  measurements.  In  these  latter  measurements,  the  half  bridges  for  measuring  the  vertical  and  longitudinal  forces  on  each 
separate  wheel  hub  in  the  flight  test  measurements  were  rearranged  into  two  full  bridges  recording  the  total  vertical  and  longitudinal 
forces,  respectively.  The  gauges  applied  for  the  transversal  load.  »*  w.e  connected  exactly  as  for  the  flight  test  measurements. 

The  V  gauge  on  the  nose  gear  wus  covered  with  an  ebonite  protection  ring.  This  ring  was  applied  because  it  was  feared  that  the 
nose  gear  shock  strut  would  be  fully  compressed,  during  for  instance  i...rd  brakings,  and.  hence,  demolish  u.c  strain  gauges. 
Generally,  the  strain  gauges  were  carefully  protected  against  environmental  influences  such  as  temperature  and  moisture,  following 
the  outlines  in  Ref  |4|. 

The  strain  gaugf  signals  were  amplified  and  processed  on-line  with  three  SWIFT  MAS-boxcs  ta  computer  based  data  acquisi¬ 
tion  system/  installed  in  the  aircraft  avionic  rack  The  ::m  with  capacity  of  six  channels  consilitulcs  7.5  kg  and  measure  300  mm 
:<  250  mm  x  150  mm,  which  fullfils  the  maximum  size  requirements  due  to  limited  installation  volume 

The  on-line  analysis  scheme  is  the  so-called  rain-flow  count  algorithm  (7|.  The  so.e  of  the  Markov- matrices  are  64  x  (vi  in  this 
case.  Gas  i  number  one  is  the  lower  limit  and  M  the  upper  limit  of  the  measuring  ranges.  The  measuring  ranges  are  displayed  m 
Tabic  1  together  w'th  class-widths  (i.e.  accuracy)  expressed  in  terms  of  forces,  for  each  of  the  six  channels.  These  measiinre  ranees 
and  also  filter  frequencies  were  established  using  the  flight  test  measurements  as  a  ’oasis. 

When  data  were  retrieved,  bririg-*  balances  were  checked  and  found  stable  The  strain  gauge  bridges  were  also  calibrated 
electrically  at  these  instances.  ITie  Markov -matrices  stored  in  the  data  acquisition  system  hardware  {RAM)  were  transferred  to  a 
bnefcase  computer  '  and  stored  on  microassettes.  Lastly,  the  data  were  transferred  to  a  VAX  computer  for  final  analysis  and  plot 
wig. 


The  loads  during  the  calibre. ion  were  introduced  in  a  way  that  was  expected  to  correspond  to  the  loads  applied  in  realitv  as 
closely  as  possible.  The  vertical  loads  were  applied  by  the  aircraft  s  own  weight  measured  by  a  scale  positioned  under  each  landing 
gear.  The  load  was  then  increased  by  releasing  the  jacks  carrying  the  aircraft. 

The  longitudinal  and  transversal  loads  were  applied  with  hydraulic  jacks  and  the  ianding  gear  being  calibrated  posed  on  a  roller 
bed  Concerning  the  nose  gear,  a  special  device  was  mounted  to  the  wheels  prevent  the  gear  from  rolling  and  turning  around  its 
'-leering  axic  during  calibration.  It  should  be  noted  that  this  load  applica'xm,  where  the  load  is  applied  over  the  wheels,  is  not  repre¬ 
sentative  of  lowing  which  is  performed  w*h  a  tow -bar  attached  to  the  ends  of  ue  nose  gear  wheel  hub. 

During  the  calibration,  the  applied  load  was  recorded  together  with  the  simultaneously  occunng  strains  in  all  bridges  The 
linearity  and  one-to-one  relation  between  loads  and  strains,  obtained  during  the  flight  test,  was  confirmed.  Thus,  the  use  of  bndge 
signals  without  corrections  for  cross -relations  between  bridges  is  justified  as  long  as  the  load  application  is  symmetrical  over  the 
wheels  The  calibration  curves  and  the  linear  relationship  used  to  convert  bridge  signals  to  forces  arc  given  in  Ref.  |8|. 


3.  LOAD  cases  and  flight  conditions 

3.1  Initial  night  Test  Load  Cages 

Four  main  load  cases  were  considered  in  the  flight  test: 

towing 

taxiing 

take-off 

landing 

These  cases  were  performed  as  follows.  During  towing  a  tractor  connected  to  the  aircraft  nose  gear  wheel  hub  with  an  ordinary 
tow  bar  towed  and  pushed  the  aircraft  over  a  hangar  threshold  The  threshold  was  passed  at  different  angles  between  the  '.owing 
path  and  the  threshold:  approximately  90°,  70°  and  50°.  respectively.  During  the  towing  and  pushing  recordings  both  the  nose 
gear  and  left  main  gear  passed  the  threshold.  In  this  case,  the  treshold  consisted  of  two  parallel  40  mm  high  steel  bars  separated  165 
mm 


The  taxiing  case  consisted  of  several  events  as  pivoting,  symmetrical  and  unsymmetrical  braking,  engine  run-up  and  turns.  The 
events  took  place  on  the  runway.  The  brakings  and  the  steering  manoeuvres  were  earned  out  at  two  different  tax;  speeds,  one  re 
t erred  to  as  normal  taxi-speed  and  one  slower.  Dunng  the  steering  manoeuvres  the  aircraft  followed  a  zigzag  path 

Four  take-offs  and  landings  were  performed  The  aircraft  status  at  touch-down  are  presented  in  Table  2.  The  landings,  per¬ 
formed  in  relatively  high  crosswinds,  can  be  classified  as  rather  hard  landings  which  would  occur  seldom  in  service  (every  hundred 
to  every  ten  thousand  landing  according  to  sink  speed  statistics  |6]) 


3.2  In-Service  Might  Conditions 

Pie  in-service  measurements  presented  in  this  paper  were  carried  out  during  the  time  August  X,  19X6,  to  January  16.  19X7. 
which  was  divided  into  five  periods.  These  penods  are  summarized  in  Table  3.  At  the  end  of  each  period,  data  were  read  out  from 
the  shipboard  data  acquisition  system  and  stored.  Also,  the  number  of  landings  and  the  number  of  load  sheets  collected  and  pro¬ 
cessed  arc  displayed  in  Table  3.  together  with  static  loads  derived  from  the  load  sheets.  The  total  number  of  landings  were  obtained 
from  the  aircraft's  flight  log.  In  Ref.  8.  the  weight,  the  number  of  passengers  and  the  static  vertical  landing  gear  load  distribution 
are  given  for  the  five  periods,  as  derived  from  the  load  sheets.  'The  mean  values  for  each  period  of  the  static  vertical  loads,  com¬ 
puted  from  the  load  sheets  data  were  used  in  order  to  obtain  the  ground  reaction  factors  described  later  on  in  this  paper 

Hie  data  acquisition  system  was  connected  to  a  switch  which  was  intended  to  be  manually  turned  off  during  towing.  This 
means  that  all  ground  loading  cases  except  towing  were  meant  to  be  included  in  the  measurements,  t.e.  landing,  take-off.  braking 
and  miscellaneous  cases  such  as  ground  air-ground  transition  and  others,  as  listed  in  Ref.  |9). 

Finally.  Table  4  shows  which  recordings  that  have  been  included  in  this  study  (marked  with  X).  Some  data  were  lost  due  to  dif- 
terent  reasons  Regarding  transversal  loads,  the  strain  gauges  were  applied  to  the  shock  stmt  which  appeared  to  be  unwise  Firstly, 
the  surface  is  very  hard  and  smooth  which  complicates  the  application  of  the  strain  gauges:  the  gauge  bonding  is  very  uncertain 
Secondly,  the  sealing  used  firstly  seemed  to  dissolve  in  the  hydraulic  oil.  This  problem  was  overcome  later.  Thirdly,  concerning  the 
nose  gear,  the  shock  strut  almost  closed  during  the  operation  as  expected.  However,  despite  the  ebonite  protection  ring,  the  strain 
gauges  were  destroyed  since  the  ring  was  twisted  around  the  shock  stmt.  These  three  circumstances  caused  all  transversal  load  data 
at  the  nose  gear  to  be  discarded  and.  also,  the  two  first  ones  of  the  main  gear. 

Regarding  the  amount  of  lost  vertical  load  data  of  the  main  gear,  it  is  explained  by  trouble  with  a  pin  plug  Also  contact 
problem  during  data  extraction  caused  the  loss  of  F^  and  F^  during  period  four. 


4  RESULTS  AND  DISCUSSION 
4.1  initial  flighLlgfts 

The  results  were  originally  presented  in  Rcf  j  10)  as  time-history  plots  and  rain-flow  count  data  in  tables  and  graphs.  Far  from 
all  that  data  will  be  presented  here  but  the  interest  will  be  focussed  upon  some  of  the  most  revealing  results. 

The  seventy  of  nose  gear  longitudinal  loads  during  towing  and  pushing  has  been  pointed  out  earlier  (91.  The  high  load  inten¬ 
sities  emanate  from  the  connection  of  the  tow- bar  to  the  nose  gear  However,  the  results  have  to  be  interpreted  carefully  since  the 
load  application  during  calibration  was  different  from  that  when  using  the  tow-bar  F  measured  during  towing  was  therefore  found 
to  be  too  high,  by  a  factor  of  about  two,  as  is  further  discussed  in  the  subsequent  section. 

For  obvious  reasons  the  nose  g*-*r  "  ill  be  strained  at  starting  and  stopping  during  towing  as  seen  in  Fig.  3.  Furthermore,  when 
the  main  gear  passes  an  obstacle,  in  this  case  the  hangar  threshold,  a  high  peak  load  on  the  nose  gear  occurs  as  seen  at  the  arrow  in 
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Fig.  3.  From  a  fatiene  Doint  of  view  load  ranges  rather  than  individual  load  peaks  are  of  relevance.  Therefore,  daia  may  be  pre¬ 
sented  as  in  Fig.  4.  This  Figure  displays  half  cycles  of  ground  reaction  factors  from  rain-flow  count  analyses  of  the  individual 
towing  records.  The  ground  reaction  factor  is  defined  as  (he  ratio  between  the  studied  load  component  and  the  static  vertical  load  of 

that  gear,  e.g.  e  =  F  /F 
*  &  x  x  z.stat 

Figure  5  shows  a  record  of  the  main  gear  loads  from  the  zigzag  taxiing  case  at  normal  taxi  speed.  The  variation  in  loads  due  to 
steering  is  clearly  seen.  By  combining  the  peak  values  of  each  individual  steering  manoeuvre  and  evaluating  the  ratio  (F  F  >/F- 
a  good  correlation  was  found  between  F  and  F  for  the  main  gear  when  separating  left  and  right  turns  as  seen  in  Tabfe  5Z^e  di? 
Terence  between  rigf«  and  left  turn  results  dimirfished  when  the  taxi  speed  was  lowered.  Rain- flow  count  ranges  of  the  lateral  loads 
at  zigzag  taxiing  are  presented  in  Figs.  6  and  7,  together  with  lateral  loads  at  touch  down  for  the  nose  and  left  main  gear.  I'he  large 
values  shown  in  Fig.  6  are  believed  to  be  related  to  cross-relation  of  loads  acting  in  different  directions,  as  one  of  the  wheels  is 
lifted  off  the  ground  during  manoeuvres  at  large  angles. 


Finally,  a  typical  landing  record  is  shown  in  Fig.  X.  The  three  events,  maximum  vertical  load  at  landing  impact  (I  1).  spin-up 
(S.U.)  and  spring-back  (S.B.)  can  be  seen  First  for  the  mam  gear  and,  slightly  afterwards,  for  the  nose  gear.  In  Table  6.  several  ratios 
introduced  in  Ref.  [9]  are  presented.  It  should  be  noted  that  the  load  F  does  not  necessarily  occur  simultaneously  as  F  ^  but  at  the 
same  landing.  Also,  worth  noticing  is  the  difference  in  the  recorded  dynamic  F  ^  ^  in  this  investigation  and  that  offoef  [9|.  In  the 
latter,  the  dynamics  of  almost  the  entire  landing  gear  is  included  since  the  strain  gauges  are  applied  high  up  on  the  shock  strut 
whereas  the  present  study  only  includes  the  inertia  of  the  wheels;  the  strain  gauges  are  positioned  on  the  wheel  hubs.  'I'he  ratios  for 
the  nose  gear  seem  to  be  more  unanimous  than  for  the  main  gear.  This  may  be  a  consequence  of  more  uniform  conditions  when  the 
nose  gear  reaches  the  ground,  i.e.  both  main  gears  in  contact  with  ground.  As  menrioned  above,  the  lateral  load  factors  at  touch 
down  are  presented  in  Figs.  6  and  7  as  rain-flow  count  ranges.  It  is  clear  that  the  load  factor  ranges  are  smaller  at  the  main  gear  in 
general  and  that  steering  load  ranges  at  the  nose  gear  is  much  more  pronounced  compared  to  the  landing  loads  than  for  the  main 
gear.  On  the  other  hand,  one  shall  bear  in  mind  that  the  static  vertical  load  at  the  main  gear  is  about  5  times  higher  than  at  the  nose 
gear.  This  obviously  influences  the  magnitude  of  the  ground  reaction  factors  for  the  gears  under  consideration.  The  main  gear  maxi¬ 
mum  transversal  ground  reaction  factors  at  landing  was  -0.53, 0.35,  -0.33  and  0.39,  respectively. 

The  results  presented  in  Figs.  3-8  were  obtained  primarily  to  gain  experience  for  the  planning  of  the  in-service  measurements 
discussed  below. 


Although  the  runway  conditions  ranged  from  dry  or  wet  summer  conditions  to  winter  renditions  with  snow  and  ice  no  sig 
nificant  differences  between  the  spectra  for  the  different  periods  could  be  discerned. 

For  this  reason  the  mean  spectra,  after  removal  of  unrealistic  cycles  due  to  identified  problems  with  the  measurements  as 
described  below  are  presented  herein.  The  number  of  cycles  are  normalized  to  90  (NX)  flights,  which  is  the  aircraft  design  life,  and 
the  range  cycles  refer  to  full  cycles.  The  load  levels  in  the  spectra  represent  the  middle  of  the  classes  in  the  rain-flow'  count  registra 
tion.  As  the  used  instrumentation  did  not  realistically  monitor  the  towing  loads  these  have  been  excluded  in  all  the  presented  results. 

Spectra  for  ground  reaction  factors  obtained  by  dividing  the  measured  forces  with  the  mean  vertical  static  load  during  each 
measuring  period  arc  presented  in  Figs.  9-13  for  nose  gear  x-  and  z-directions  and  main  gear  x-,  y-  and  z-directions.  respectively  It 
should  be  noted  that  the  actual  vertical  static  load  for  an  individual  flight  may  differ  roughly  ±  10  %  from  the  used  mean  value  Due 
to  the  correlation  between  high  loads  and  high  vertical  static  loads  this  will  result  in  the  ground  reaction  factor  spectra  being  conser¬ 
vative  at  the  high  load  end  and  unconservative  at  the  low  load  end  (with  the  total  effect  on  cumulative  damage  being  conservative). 


The  remaining  effects  of  the  interference  from  Y-loads  in  the  Z-loads  measurements,  described  below,  will  have  an  additional 
conservative  effect  on  the  Z-loads  spectra. 

Figure  9  shows  the  x-ground  reaction  factor  spectrum  for  the  nose  gear  after  removal  of  some  recorded  unrealistic  load  cycles. 
These  unrealistic  loads  are  due  to  towing  and  nose  gear  shimmy.  As  already  noticed  in  the  flight  tests  summarized  above  the 
equipment  used  for  calibration  of  X-loads  on  the  nose  gear  was  not  representative  for  actual  towing  during  service.  Therefore,  it 
was  deeded  to  manually  switch  off  the  data  acquisition  system  during  towing.  Unfortunately,  however,  this  was  forgotten  in  a  num¬ 
ber  of  cases.  For  periods  3  to  5  the  relatively  few  unrealistically  high  nose  gear  x-loads  due  to  towing  arc  easily  recognized  against 
the  rest  of  the  loads  in  the  spectra  (spin-up,  spring  back  and  runway  roughness)  and  are  excluded  from  the  spectra. 

For  periods  1  and  2  the  numbers  of  unrealistically  high  nose  gear  x-loads  are  so  high  that  they  cannot  be  explained  as  towing 
loads  only  During  these  periods  nose  gear  shimmy  was,  however,  reported.  It  is  reasonable  to  assume  that  the  measurements  will 
give  exaggerated  X-loads  for  this  condition,  analogously  to  the  exaggerated  towing  loads  measured  when  the  nose  gear  passes  a 
threshold  at  an  angle  other  than  90°.  The  frequency  15-20  Hz  during  nose  wheel  shimmy  would  also  produce  the  registered  num¬ 
ber  of  cycles. 


As  the  instrumentation  is  judged  to  give  unrealistic  loads  for  this  condition,  and  as  nose  gear  shimmy  should  normally  never 
occur  in-service,  the  nose  gear  X*load  data  from  periods  1  and  2  are  discarded. 

Figure  10  shows  the  Z-ground  reaction  factor  spectrum  for  the  nose  gear,  also  after  removal  of  some  unrealistic  load  cycles. 
The  presence  of  towing  and  nose  wheel  shimmy  during  the  measurements  docs  not  appear  to  significantly  affect  the  nose  gear  Z- 
toads. 

The  nose  gear  Z-loads  spectra  for  periods  2  and  3  look  very  different  from  those  from  the  other  periods  with  an  unrealistically 
high  number  of  cycles  (roughly  1000  per  flight)  between  the  static  ground  load  and  zero.  This  is  caused  by  a  large  number  of  trough 
values  being  registered  as  zero  rather  than  as  some  positive  value.  This  must  evidently  come  from  an  intermittent  lack  of  electrical 
contact  dunng  ground  runs  and  the  cycles  are  thus  removed  from  the  spectra.  The  relatively  large  number  ot  cycles  to  zero  for 
periods  1.  4  and  5.  which  are  not  cycles  to  the  static  ground  loads  are  believed  to  be  due  to  bouncing  of  the  nose  wheel  due  to  the 
combination  of  a  relatively  hard  shock  absorber  and  runway  roughness.  This  effect  has  been  reported  for  other  aircraft  also,  see 
Ref.  |5|. 


The  Z-load  spectrum  for  the  nose  gear  (and  to  a  lesser  extent  for  the  main  gear)  contains  some  unrealisticallv  high  negative 
loads.  The  only  negative  Z- loads  that  occur  in  service  are  the  tnassloads  when  the  shock  strut  reaches  its  stop  in  extension. 
FAR/JAR  25.  7  "Hcbound  landing  condition"  specifies  a  limit  load  factor  of  20  g  acting  on  the  unsprung  weights  of  the  landing 
gear  tor  this  case.  Assuming  that  these  requirements  represent  the  maximum  realistic  condition,  and  considering  that  only 
massloads  from  weights  outboard  of  the  strain  gages  will  be  measured  by  the  FFA-instrumentation.  results  in  a  limit  for  realistic 
negative  values  in  the  measurements  of  -3.6  kN  for  the  nose  gear  (-1 1.3  kN  for  the  main  gear).  Cycles  with  larger  negative  values 
are  thus  removed  from  the  spectra. 

A  discussion  of  the  origin  of  the  unrealistically  high  measured  negative  values  is  needed,  however.  Unrealistically  high  nega¬ 
tive  loads  were  present  in  the  spectra  from  all  the  periods  and  the  numbers  were  roughly  the  same  as  the  number  of  X-loads  from 
towing.  It  would  thus  be  tempting  to  explain  the  loads  as  vertical  loads  introduced  by  towing  but  the  time  histories  from  the  initial 
flight  tests  for  lowing  and  pushing  across  a  hangar  threshold  gives  no  support  for  this. 

A  factor  that  may  sometimes  strongly  affect  the  accuracy  of  the  Z-loads  measurements  is  that  the  strain  gages  on  the  wheel 
hubs,  calibrated  for  Z-loads.  will  measure  bending  due  to  Y-loads  also.  In  fact  the  leverage  from  the  Y-load  at  the  wheel-ground 
contact  point  to  the  strain  gages  is  roughly  3  times  that  for  the  Z-load.  As  long  as  the  Y-load  is  equally  distributed  between  the  left 
and  right  wheels  of  the  gear  this  w ill  not  affect  the  measured  Z-loads.  For  cases  with  an  unequal  distribution  of  the  loads,  such  as  a 
banked  drift  landing,  significant  errors  will  result,  however.  The  difference  in  loads  between  the  wheels  is  likely  to  be  greater  for 
small  Z-loads  than  for  large  Z-loads  and  can  explain  the  unrealistic  negative  loads  which  were  measured. 

The  surprisingly  high  positive  Z-loads  which  have  sometimes  been  registered  are  believed  to  be  mainly  due  to  the  nose  gear 
touchdown  after  landing.  This  is  supported  by  the  fact  that  the  nose  gear  shock  strut  was  sometimes  almost  fully  compressed  dunng 
the  measurements. 

Figures  11-13  show  the  ground  reaction  factor  spectra,  for  the  main  gear,  in  ihe  x-.  y-  and  z-directions.  respectively.  The  only 
editing  performed  on  the  measured  data  is  that  cycles  with  z-loads  outside  of  the  limit  tor  realistic  negative  values  (-1 1.3  kN).  see 
discussion  for  nose  gear  above,  are  removed  from  the  spectrum  shown  in  Fig.  13. 

Finally,  a  comparison  between  the  ground  reaction  factor  spectra,  normalized  to  the  aircraft  design  life  of  90  (XX)  Rights,  for  the 
nose  gear  and  the  main  gear  is  shown  in  Fig.  14  for  X-loads  and  in  Fig.  15  for  Z-loads  The  ground  reaction  factor  in  these  spectra 
are  significantly  higher  for  the  nose  gear  which  agrees  with  the  results  from  other  aircraft,  see  Ref.  |5|. 
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Table  l  Summary  of  measuring  ranges  and  accuracy  Table  2  Landing  conditions  during 

during  in-service  measurements  flight  test  measurements 


Channel 

Loading  Lover 
component  limit 
[kN| 

Upper  Class 
limit  width 
[kN]  (kN) 

Loading 

Weight 

10'  ’  kg 

Angle  of 

climb 

degree 

Sinking 

speed 

m/s 

Bank 

angle 

degree 

1 

X 

58.9 

-59.2 

1.85 

1 

1 1,0 

5.79 

0.76 

-1.87 

2 

Fm 

y 

-65.8 

66.6 

2.07 

2 

11.0 

6.07 

1.46 

-8.14 

3 

Fm 

z 

81.7 

-81.3 

2.55 

3 

10.9 

5.16 

0.76 

0.14 

4 

Fn 

X 

48.3 

-48.4 

1.51 

4 

10.9 

3.50 

2.13 

0.01 

5 

F" 

-23.4 

23.4 

0.71 

y 

6 

F" 

L 

46.0 

-45.8 

1.43 

Table  3  Summary  of  the  measurement  periods  with  corresponding  static  loading  conditions 


Date  No.  of  No.  of  W  s  F  s,,  F  s_, 

„  .  _  ,  ,  w  z  .stat  F  z.stat  F 

Period  From  To  flights  load 


No. 

sheets 

Ikg] 

Ikg] 

[kN] 

1  kN  | 

JkMJ 

ikN] 

1 

860808 

860829 

250 

205 

10718 

762 

47.8 

3.68 

9.68 

0.61 

2 

860930 

861109 

654 

523 

10667 

784 

47.5 

3.80 

9.71 

0.67 

3 

861110 

861204 

326 

215 

10862 

781 

48.5 

3.72 

9.68 

0.65 

4 

861205 

861227 

266 

215 

10558 

836 

47.2 

4.64 

9.32 

0.62 

3 

861228 

870116 

183 

159 

10623 

758 

47.4 

3.76 

9.54 

0.60 

10-7 


Table  4  Showing  which  recordings  that  were  successful  (X)  and 
which  ones  that  failed  for  different  reasons  (-) 

~  . — zm - zm - zm - zn - zn - zn - 

Penod  F  F  F  F  F  F 

x  y  z  x  y  z 

1  X  -  X  X  X 

2  X  -  -  X  X 

3  X  X  X  X 

4  -  _  X  X 

5  X  X  X  X 


Table  5  Relation  (F  -  F  )/P  of  left  main  geardunng 
..  z  z.stat  y 
zigzag  taxiing 

Turning  Normal  speed  Low  speed 

dilection  Mean  Standard  Mean  Standard 

deviation  deviation 

Right  -0.86  0.12  -1.06  0.15 

Left  -1.28  0.13  -0.94  0.13 


Table  6  Certain  load  ratios  obtained  at  landing  with  SAAB  SF-340 


Landing 

No. 

Nose  Gear 

F  F 

x,  S.  B.  x,  S.  U. 

Left  Main  Gear 

F  F 

x.  S.  B.  x.  S.  U. 

1  F  1 

jy 

F  F 

x  ,  S .  U.  z  ,  L.  I  . 

FX,  S.  U. 

F  F 

z.  L.  I  . 

z.  L.  I 

1 

■0.26 

-0.62 

-0.12 

-0.79 

0.92 

2 

-0.26 

-0.66 

-0.52 

0.33 

3 

-0.22 

-0.69 

-0.53 

-0.49 

0.42 

4 

-0.30 

-0.65 

-0.23 

-0.70 

0.48 

Mean 

-0.24 

-0.66 

-0.35 

-0.63 

0.54 

Standard 

deviation 

0.06 

0.03 

0.21 

0.14 

0.26 

Range  exceedance 


Figure  9  Nose  gear  spectrum.  90000  flights.  Towing  excluded. 

X -ground  reaction  factor.  FFA  in-service  measurements 


Peak  arid  Trougq  exceedance 


Figure  12  Main  gear  spectrum.  90000  flights.  Towing  excluded. 

Y-ground  reaction  factor.  FFA  in-service  measurements 
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OPERATIONAL  LOADS  ON  LANDING  GEAR 


by 
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SUMMARY 

Prior  statistics  of  airworthiness  authorities  indicate  that  landing  gear  (safe  life  design)  often  fail  during 
scheduled  aircraft  service.  Therefore  investigations  have  been  carried  out  during  the  last  two  decades  in 
Germany  with  the  aims  to  determine  the  operational  loads  acting  on  the  landing  gear  during  service  and  to 
define  the  load  cases  which  have  to  be  taken  into  consideration  for  fatigue  investigations  related  to  landing 
gear  and  airframe. 

Statistics  about  failures  on  landing  gear  for  civil  and  military  aircraft,  relevant  load  cases  as  well  as 
information  about  essential  fatigue  requirements  are  presented  thoroughly  in  the  first  part.  In  the  second 
part  some  results  of  different  landing  gear  load  measurements  ar*'  compared  and  discussed.  These  results 
presented  in  form  of  cumulative  frequency  distributions  for  the  load  cases  taxiing  and  landing  impact 
originate  from  the  following  measurements: 

Airbus  A320;  Airbus  A310;  AirbuB  A300;  VFW  614;  F-1C4  G 


In  the  third  part  it  is  reported  about  the  impact  of  towing  and  push  back  operations  on  the  nose  landing 
gear  using  conventional  and  advanced  towing  methods.  In  the  conclusion  the  primary  results  of  the  landing 
gear  loads  measurements  are  accentuated,  examples  for  the  disposition  of  landing  gear  fatigue  tests  are 
considered  and  essential  future  actions  concerning  load  monitoring  activities  including  hard-  and  overweight 
landing  detection  are  reviewed. 


1.  INTRODUCTION 

The  only  components  of  the  aircraft  that  are  categorized  as  safe-life  are  parts  of  the  landing  gear  [  1  ], 
since  a  completely  fail  safe  designed  landing  gear  structure  (no  multiple  load  path  design  possible)  as  well  as 
a  damage  tolerant  designed  landing  gear  structure  (sufficient  damage  tolerance  qualities  can  not  be  achieved 
because  the  detection  of  cracks  is  more  complicated  than  it  is  for  other  aircraft  components)  are  inapplicable 
up  to  now.  Therefore  the  landing  gear  in  its  entirety  is  safe-life  designed  and  represents  a  life  limited 
structure.  In  opposite  to  the  damage  tolerance  design  cracks  in  the  landing  gear  structure  are  not  admiss- 
able.  During  fatigue  tests  the  safe-life  requirements  under  consideration  of  proper  scatter  factors  (for 
landing  gear  nearly  a  factor  of  5)  have  to  be  demonstrated. 

Normally  the  landing  gear  have  to  be  replaced  before  the  aircraft  reaches  the  Economical  Repair  Life 
(ERL).  Due  to  runway  roughness  and  maneuvers,  (ground  operations,  take  off  and  landings)  repeated  loads  in 
x,  y,  and  z-direction  and  torsion  moments  are  acting  on  the  landing  gear  simultaneously. 

Ab  a  result  of  large  leverarms  great  bending  moments  will  be  induced  in  the  airframe.  Additional  severe 
environmental  conditions  (skydrol,  salt,  water,  large  gradients  of  the  temperature  etc.)  lead  to  corrosion 
problems  in  some  cases. 

The  landing  gear  therefore  represents  a  highly  loaded  structural  component.  This  is  the  reason  why  it  is 
necessary  to  use  ultra  high  tensile  steels  for  the  axles  and  legs.  But  this  is  combined  with  the  disadvantages 
that  these  materials  are  sensitive  concerning  fatigue  behaviour.  Partly  this  could  be  avoided  by  introducing 
residual  compressive  stresses  in  critical  areas  f  2,  3  1. 

In  (  4  1  has  been  summarize  n  that  up  to  82  percent  of  all  fatigue  failures  on  landing  gear  are  caused  by- 
taxiing.  Even  changes  in  aircraf*  ight  within  typical  service  conditions  have  practically  no  effect  on  the 
fatigue  life  of  landing  gear  but  an  increase  in  taxi  speed  from  25  to  50  km/h  on  the  same  runway  roughness 
leads  to  a  35  percent  increase  in  fatigue  damage  to  the  landing  gear 

In  a  contribution  about  air  transport  landing  gear  maintenance  from  an  airline  point  of  view  it  was  noted 
that  the  general  design  of  landing  gear  usually  is  very  good  but  the  details  of  the  gear  create  all  sort  of 
problems  (  5  1. 

The  distances  covered  by  landing  gear  on  taxiways  and  runways  are  enormous  (assuming  that  the  landing 
gear  is  not  replaced  before  reaching  the  ERL).  Taken  into  consideration  that  during  1  flight  8  km  will  be 
covered  on  ground,  a  total  distance  of  nearly  400.000  km  for  an  short  haul  aircraft  will  be  accumulated.  A 
distance  which  normally  will  be  reached  by  commercial  vehicles. 

As  mentioned  above  the  reasons  why  landing  gear  could  fail  have  been  confirmed  by  prior  statistics.  They 
come  to  the  conclusion  that  landing  gear  often  fail  during  scheduled  aircraft  service.  Therefore  during  the 
last  two  decades  in  Germany  investigations  have  been  performed  to  determine  the  operational  loads  acting  on 
the  landing  gear  and  to  define  the  load  cases  which  have  to  be  taken  into  account  for  fatigue  investigations. 
In  this  contribution  results  of  operational  landing  gear  load  measurements  performed  on  aircraft  A300B2,  A310, 
A320,  VFW  614  and  F-104G  will  be  presented  and  discussed. 


1*1  Statistics  of  landing  gear  failures  during  service 


In  the  MIL  Specification  a  failure  statistic  from  the  period  1968  to  1978  has  been  published.  In  total  328 
structural  failure  accidents  have  been  analyzed.  65  percent  of  accidents  have  occured  during  ground 
operation  and  44  percent  of  them  during  landing  touch  down  and  landing  roll.  A  breakdown  of  accidents 
shows  that  50  accidents  were  attributed  to  the  landing  gear  structure,  see  Fig.  1.  Six  of  them  were  attributed 
to  fatigue  problems,  that  means  8  percent,  see  Fig.  2  {  6  ]. 
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FKL1  STATISTIC  OF  AIRFRAME  AND  LANDING  GEAR 
STRUCTURAL  FAILURE  ACCIDENTS  [6] 


ACCIDENTS  ATTRIBUTED  TO  LANDING  GEAR  16] 


A  similar  result  shows  an  investigation  of  529  fatigue  cracks  that  have  occured  during  service  of  military 
and  civil  aircraft  in  the  same  period.  5  percent  of  them  were  detected  on  landing  gears  1  7  ]. 

An  analysis  of  serious  age  related  airliner  failures  in  the  period  of  1977  to  1987  shows  that  18  airline 
accidents  of  civil  aircraft  were  caused  by  landing  gear  failures  possibly  as  a  result  of  fatigue  and  corrosion 
problems  (  8  ]. 

A  statistic  of  95  aircraft  accidents  during  scheduled  passenger  flight  in  1988  implies  that  6  accidents  were 
attributed  to  structural  landing  gear  failures  (  9  ]. 


1.2  Essential  fatigue  requirements 

Essential  guidelines  how  to  fullfil  the  fatigue  requirements  have  been  choosen  from  the  FAR~AC  25.571-1B 
for  civil  transport  aircraft. 

Fig.  3  shows  the  definition  how  to  handle  safe  life  structures  and  how  to  establish  the  typical  loading 
spectra.  Fig.  4  gives  information  how  to  perform  the  fatigue  evaluation,  to  establish  the  scatter  factor  for 
safe  life  designed  structures  as  well  as  their  replacement  times.  The  specification  MIL  A-87221  describes  in 
similar  terms  the  fatigue  evaluations  I  6,  10,  11  ]. 


DEFINITIONS 


FATIGUE  EVALUATION 


SAFE  LFE  MEANS  THAT  TFt  STRUCTURE  HAS  BEEN 
EVALUATED  TO  BE  ABLE  TO  WITHSTAND  THE  REPEATED 
LOADS  OP  VAHM8LE  MAGNITUDE  EXPECTED  DURING  fTS 
SERVICE  LR  WITHOUT  DETECTABLE  CRACKS. 

THEREFORE  THE  TYPICAL  LOAONQ  SPECTRUM  EXPECTED  N 
8BIVICE  HAS  TO  BE  DERT/ED: 

THE  LOADTIO  SPECTRUM  SHOULD  BE  BASED  ON  MEASURED 
STATISTICAL  DATA 


T>€  PRWC^AL  LOADS  THAT  SHOULD  BE  CONSDERH)  ARE 

GROWD  LOAD®  ( TAX**!  UVONG  MPACT,  7URMNQ, 

B4QBC  RUN  UP,  BRAKMQ,  THRUST  REVERSMQ  AND  TOWE4G.... 


GENERAL.  The  evaluation  ot  wiueune  undtt  the  tolUvvnnl  Utijue  v*»te-Ute)  rttnjth  evaluation 

methods  <i  intruded  to  ensure  that  catastrophic  fatigue  failure.  a,  i  result  of  the  repeated 
loadi  of  variable  magnitude  n  pec  ted  m  *ervice.  i,  extremely  improbable  throughout  Ihe 
structure*  operational  life  Under  theie  method*,  loading  tpectra  thou  Id  be  etttblithed. 
the  fatigue  lift  of  rhe  structure  for  the  ipcctra  should  he  determinded.  and  a  leaner 
factor  should  be  applied  to  the  fatigue  life  to  ertahlish  the  safe -life  tor  the  structure 
The  evaluation 

SCAfl'ER  fALTDR  FQB  SAFS-EIFF.  CPEIMIMUflM.  In  the  interpretation  of  fatigue  analyte* 
and  teit  data,  the  effect  of  variability  ihould,  under  *  25  57t(C)  be  accounted  to,  b>  an 
appropriate  leaner  factor  Relating  ter  reiulta  to  the  rrcmi—ended  cafe- life  t»  entremets 
dtfncult  nnce  there  are  a  number  of  consideration*  peculiar  n>  each  design  and  ter  that 
nec-j»nate  evaluation  by  thr  applicant  The*e  connderealion,  ••-ill  deperd  on  the  number 
of  repre tentative  ter  ipecimeni.  the  material,  the  type  of  specimen  employed,  the  type  of 
repeated  load  ter.  the  load  level*,  and  environmental  condition* 

REPLACEMENT  TIMFS  Replacement  time*  ihould  be  erablnhed  for  part*  with  citablithed  safe- 
live«  and  thould.  under  $  25  571(a)  (5).  he  included  in  the  information  prepared  under 
'«  25  152V  These  replacement  time*  can  be  e Mended  if  additional  data  indicate*  an 
extension  i*  warranted  t  npnrtani  factor! 
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1.3  Relevant  loading  conditions 

For  fatigue  evaluations  more  than  16  different  loading  conditions  have  to  be  taken  into  account  {  1,  20,  21, 
22,  23  ].  Fig.  5  shows  the  loading  conditions.  As  a  result  of  the  landing  gear  load  measurement  on  A300B2 
(  12  J  the  different  loading  conditions  have  been  confirmed  but  the  push  back  load  case  has  been  observed 
during  the  measurment  for  the  first  time. 


LANDING  IMPACT 

-  TRANSIENT  DRAG  OSCILLATION 

SPINoP 

-  TURNING 

SPRING  BACK 

-  BRAKED  TURN 

TAXIING 

-  PIVOTING 

TAKE  OFF  RUN 

-  TOWING 

LANDING  RUN 

-  PUSHBACK 

ENGINE  RUNUP 

-  TWE  IMBALANCE 

SYMMETRICAL  AND  UNSYMMETRICAL  BRAKING 

-  SHIMMY 

F1G.5 

IMPORTANT  LANDING  GEAR  LOADING  CONDITIONS 

TAKING  INTO  ACCOUNT  FOR  FATIGUE  EVALUATIONS  { 1,12  ] 

2.  LANDING  GEAR  LOADS 


2.1  Sources  of  measured  data 

Fig.  6  and  7  indicate  the  sources  of  the  data  that  will  be  the  main  part  of  this  contribution.  The  most 
important  data  concerning  statistical  reliability  is  represented  by  the  A300B2  landing  gear  load  measurement, 
with  the  investigation  of  about  2200  flights  as  well  as  the  A300,  A310  towing  and  push  back  measurement.  An 
important  part  in  this  contribution  results  from  the  landing  investigation  of  A320.  The  contribution  will  be 
completed  by  the  VFW  614  landing  gear  load  measurement  as  well  as  by  results  of  a  fighter  aircraft  landing 
gear  load  investigation  [  12,  13,  14,  15,  16,  17,  18  ]. 


A300  B2 

MAX  TOW  137i 
MAX  LW  I27,5l 


VFW  614 

MAX  TOW  20 « 
MAX  LW  19  i 


A320-100 
max  row  -  I 

MAX  LW  63  l 


FIG.  6  TEST  AIRCRAFT 
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2.2  Sign  convention 

The  sign  convention  of  the  loads  is  given  on  Fig.  8.  In  the  direction  of  the  arrows  the  loads  are  defined 
as  positv. 


HG.8  SIGN  CONVENTION  (  POSITTV  DIRECTIONS) 

2.3  Presentation  of  the  results  on  main  and  noBe  landing  gear 
2.3.1  General 

The  landing  gear  loads  have  been  measured  by  gages  calibrated  and  combined  to  produce  pure 

vertical,  lateral  and  longitudinal  loads  using  Skopmski’s  method  (  13,  14,  19  ]  cn  nose  and  L/H  main  gear. 

A  typical  example  of  the  measured  >ad  time  histories  during  landing  and  taxiing  is  Bhown  on  Fig.  9.  The 
maximum  values  during  landing  '  ave  been  marked.  These  maximum  loads  have  been  analyzed  by  means  of  the 
extreme  value  distribution  [  *4  ),  the  loads  during  taxiing  by  means  of  the  statistical  counting  method  level 
crossings  f  25  ]. 


R09  LOAD  TIME  USTORES  OF  THE  LOADS  ON  THE 
MAIN  AND  NOSE  LANDNG  GEAR  { 12  J 


2.3.2  Landing 

The  acceleration  of  the  landing  gear  wheels  to  a  circumferential  speed  which  corresponds  to  the  aircraft 
horizontal  landing  speed  causes  a  longitudinal  drag  load,  the  so-called  spin-up  load.  Caused  by  the  energy 
built  up  in  the  main  gear  this  leads  to  a  so-called  spring  back  load  in  form  of  an  attenuated  oscillation.  In 
reason  of  the  elasticity  of  th~  landing  gears  side  loads  occures  during  landing.  Due  to  the  vertical  sinking 
speed  of  the  A/C  at  the  moment  of  touch  down  a  landing  impact  in  vertical  direction  comes  off.  Distributions 
of  the  sinking  speed  for  different  types  of  A/C  are  Bhown  on  Fig.  10,  from  which  the  vertical  load  can  be 
derived. 

The  hatched  scatter  band  represents  operational  data  for  transport  aircraft  [  26  J  and  is  in  agreement 
with  [  27  ].  The  distribution  marked  by  1  depicts  the  spectra  predicted  for  A320  as  well  as  DC  10  [  26,  28  1. 
Curve  2  results  from  an  A320  landing  gear  investigation  performed  during  flight  tests,  it  lies  in  the  upper 
region  of  the  scatter  band  but  under  the  predicted  one.  Curves  3  to  5  show  landing  sinking  speed  spectra 
for  different  military  aircraft  f  6  J. 
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FK5.10  LANDING  SINKING  SPEED  SPECTRA 
[  6,  26,  28  ] 


On  main  landing  gear  equipped  with  tandem  wheels  (bogie  gear)  torsion  moments  directed  to  the  vertical 
axis  of  the  plane  become  evident  because  the  spin  up  loads  will  never  act  on  the  four  wheels  simultaneously. 

The  description  of  the  loads  acting  on  main  landing  gear  as  mentiond  above  is  valid  in  principle  also  for 
nose  gear.  The  distinction  is  that  the  nose  gear  loads  will  be  mainly  influenced  by  the  counter  rotation  of  the 
A/C  during  landing  due  to  the  elevator  deflection  initiated  by  the  pilot. 

In  total  2200  landings  of  A300B2  and  80  landings  of  A320  have  been  analyzed.  During  76  landings  of  A300B2 
a  second  characteristic  landing  impact  in  vertical  direction  was  discovered  on  the  main  landing  gear.  On  the 
nose  landing  gear  additional  vertical  landing  impacts  were  found  during  972  landings.  During  one  landing  a 
sequence  of  10  nose  gear  impacts  have  been  observed  [  12  ]. 

The  statistical  results  presented  in  form  of  frequency  distributions  for  both  the  main  and  nose  landing 
gear  of  A300B2  compared  with  those  of  A320  (for  A320  were  available  only  drag  -  and  vertical  loads  on  main 
gear  and  vertical  loads  on  nose  gear)  are  shown  on  Fig.  11. 

The  main  gear  results  indicate  that  the  spin  up  loads  as  well  as  the  vertical  loads  for  A320  are  appreciably 
higher  than  for  A300B2  while  the  spring  back  loads  are  comparable  in  magnitude.  Possible  reasons  for  the 
differences  could  be  that  the  A320  has  a  "hard  landing"  characteristic  based  on  the  oleo  spring  of  the  main 
gear  combined  with  a  relatively  high  breakout  force  and  that  the  results  have  been  taken  from  flight  testa 
that  means  Bevere  service  conditions.  The  vertical  nose  gear  loads  of  A320  are  in  accordance  with  those  of 
A300B2. 

Comparing  main-  and  nose  landing  gear  loads  together  it  is  obviously  that  the  spin  up  loads  as  well  as  the 
side  loads  on  nose  gear  are  relative  higher.  This  knowledge  is  important  since,  in  the  past,  in  the  absence  of 
nose  landing  gear  load  measurement  data,  the  main  landing  gear  data  has  been  assumed  to  be  valid  also  for 
the  nose  landing  gear.  Another  important  fact  for  the  nose  gear  is  that  1.6  landing  impacts  have  occured  per 
landing  as  mean  value. 


2.3.3  Taxiing 

The  frequency  distributions  determined  for  the  load  case  taxiing  contain  loads  caused  by  runway  rough¬ 
ness  as  well  as  by  ground  maneuvers  (turning,  braking).  The  sample  size  of  the  basic  data  for  the  analysis 
were  300  flights  of  A300B2  and  104  flights  of  VFW  614.  The  results  of  A300B2  have  been  compared  with  those 
of  VFW614.  From  the  VFW  614  measurement  were  available  only  drag-  and  vertical  main  landing  gear  loads  and 
side-  and  vertical  nose  landing  gear  loads,  see  Fig.  12  [  12,  16  1. 

The  comparison  indicates  that  the  main  gear  drag  loads  of  the  VFW  614  are  much  lower  than  those  of 
A300B2.  The  reason  could  be  that  the  braking  loads  of  A300B2  are  clearly  higher  during  service.  It  has  been 
observed  that  the  A300B2  pilots  in  general  prefer  to  take  the  first  exit  after  landing  if  possible.  The  vertical 
loads  however  are  comparable  in  magnitude  and  frequency. 

The  comparison  of  nose  gear  results  show  that  the  side  loads  of  the  VFW  614  are  slightly  higher  while  the 
vertical  loads  are  lower  than  those  of  A300B2.  The  lower  vertical  loads  of  the  VFW  614  could  be  explained  by 
the  higher  main  gear  braking  loads  of  A300B2  because  braking  loads  on  the  main  gears  create  an  increase  of 
the  incremental  vertical  nose  gear  loads.  In  addition  Fig.  13  shows  a  separation  of  the  A300B2  taxi  spectra  for 
all  different  load  cases. 


0.4 


MAIN  LANDING  GEAR  NOSE  LANDING  GEAR 


nan  frequency  mstrbutions  of  the  loads  on  the 

LANDNQ  GEAR  DUWNG  LANONG  MPACT  (12] 
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F1G.12  FREQUENCY  DtSTRfiUTTONS  OF  TRE  LOADS  ON  TRE  LANDtXa 
GEAR  DURING  TAXIING  (  NCLUONG  MANEUVERS  )  [12,161 
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MAIN  LANDING  GEAR 


NOSE  LANDING  GEAR 


FIG.  13  FREQUENCY  DtSTRBUTIONS  OF  THE  LOADS  ON  THE 
LANCHNG  GEAR  DURING  TAXIING  [121 


From  the  landing  gear  load  measurement  on  a  fighter  aircraft  the  load  spectra  on  Fig.  14,  for  unbraked 
taxiing  were  derived.  The  load  factors  represent  ground  reaction  factors  that  means  the  loads  are  related  to 
the  vertical  static  landing  gear  load  f  17,  18  1. 

Fig.  15  represents  frequency  distributions  of  the  load  factor  at  the  center  of  gravity  (  Anz)  of  A300B2 
and  VFW  614  compared  with  results  taken  from  [  6,  12,  16,  29  ]. 
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FREQUENCY  PER  FUOKT 


FIG.  14  FREQUENCY  D6TRBUDONS  OF  TVC  LOAD  FACTORS 
ON  THE  MAJN  LANDING  GEAR  DERIVED  FROM  A 
FIGHTER  AIRCRAFT  DUR*IG  UNBRAKED  TAXING 
[17,18] 


2.3.4  Turning 


FK3.15  FREQUENCY  DISTRIBUTIONS  OF  THE  VERTICAL 
LOAD  FACTOR  DURING  TAXIING  OF  TRANSPORT 
AIRCRAFT  [6,12,16,29] 


To  establish  the  turning  spectra  (pivoting  is  included)  for  the  main  and  nose  landing  gear  the  measured 
side  loadB  have  been  low  pass  filtered  {Fy  main  gear  =  0,25  Hz,  Fy  nose  gear  =  0,35  H2).  The  turning  6pectra 
separated  for  pre  flight  and  post  flight  turning  are  shown  on  Fig.  16  and  17.  The  number  of  turnings  can  bt 
taken  from  the  Bpectra  with  4  during  pre  flight  and  6  during  post  flight  taxiing,  see  Fig.  17  f  12  ]. 

Fig.  18  gives  the  turning  spectrum  derived  from  a  measurement  on  a  fighter  aircraft.  The  load  factor  riy 
represents  a  ground  reaction  factor  that  means  that  the  loa  i  is  related  to  the  static  vertical  landing  gear 
load  [  18  1. 


2.3.5  Braking 


For  establishing  the  A300B2  braking  spectra  the  load  time  history  of  the  drag  loads  has  been  low  pass 
filtered  by  0.25  Hz.  That  means  all  load  variation  over  0.25  Hz  were  cut  so  that  only  the  braking  loads 
remains.  The  spectra  are  presented  on  Fig.  19.  The  numbers  of  brakings  were  determined  with  3  pre  flight 
brakings  and  3  post  flight  brakings  (  12,  30]. 


PRE  FLIGHT  TURNING 


POST  FUGHT  TURNING 


FIG.  16  FREQUENCY  DtSTRBUTlONS  OF  THE  8CE  LOADS  ON 
THE  NOSE  LANDMG  GEAR  DURV9G  TURMNG  [  12] 


RELATED  TO  THE  UMIT  LOAD 
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PRE  FLIGHT  TURNING 


POST  FUGHT  TURNING 


RG.17  FREQUENCY  DISTRIBUTIONS  OF  THE  LOADS  ON  THE 
MAIN  LANDING  GEAR  DURING  TURNING  [12] 


LOAD  FACTO*  0  . 


FREQUENCY  PER  FUGHT 


FIG-18  FREQUENCY  DISTRIBUTIONS  OF  THE  LOAD  FACTOR  ON  THE  MAIN  LANDING 
GEAR  OF  A  FIGHTER  AIRCRAFT  DURING  TURNING  AND  BRAKING  [  17.  18  J 


PRE  FLIGHT  BRAKING  POST  FLIGHT  8 RAKING 


FIG.  19  FREQUB^CY  D6TRBUT10NS  OF  T>t  BRAWNG  LOADS 
ON  THE  MAftLANDMG  GEAR  [12] 
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A  braking  spectrum  derived  from  measurements  on  a  fighter  aircraft  is  presented  on  Fig.  18.  It  shows  that 
per  flight  10  brakings  have  been  observed.  The  load  factor  nx  iB  a  ground  reaction  factor  that  means  the  load 
is  related  to  the  static  landing  gear  load  in  vertical  direction  {  18  ]. 

Fig.  20  shows  a  correlation  between  A300B2  braking  loads  occured  simultaneously  on  left  and  right  main 
landing  gear.  The  relation  indicates  that  exact  symmetrical  brak:ng  occures  seldom  because  brak;ngs  during 
taxiing  mostly  are  combined  with  turnings  by  supporting  the  nose  gear  steering  l  12  ). 


Fig.  21  represents  the  correlation  between  braking  loads  on  the  left  main  landing  gear  and  the  load 
increase  in  vertical  direction  on  the  nose  landing  gear.  It  implies  that  the  braking  loads  on  the  main  gear 
cause  an  increase  of  the  vertical  incremental  load  by  a  factor  of  1.8,  that  means  FzNLC  s  -1*8  I  12  }. 


Fx.UH  RELATED  TO  UMIT  LOAD 


Fx  UH  MUG  RELATED  TO  UMIT  LOAD 


RG.20  RELATION  BETWEEN  BRAKING  LOADS  ON  THE  FIG.  21  IMPACT  OF  THE  BRAKING  LOADS  ON  THE  MAIN 

L/H  AND  R/N  MAW  LANDING  GEAR  [12]  LANDING  GEAR  TO  THE  VERTICAL  LOADS  ON 

THE  NOSE  LANDING  GEAR  [  12  ] 

2.4  Statistics  of  ground  operations 

As  shown  at  points  2.3.4  and  2.3.5  the  number  of  turnings  were  in  total  10  per  flight  and  the  number  of 
brakings  6  per  flight.  These  figures  have  been  determined  directly  from  the  turning  and  braking  spectra, 
respectively. 

In  addition  the  taxi  times  have  been  derived  for  A300B2  and  VFW  614  in  form  of  frequency  distributions 
see  Fig.  22.  The  results  are  comparable  for  A300B2  and  VFW  614.  The  mean  values  for  pre  flight  taxiing  are  6.7 
min  for  A300B2  and  8.0  min  for  VFW  614.  The  post  flight  taxiing  times  are  4.0  min  for  A300B2  and  6.0  min  for 
VFW  614  [12,16]. 

Further  more  some  statistics  of  A300B2  landings  have  been  established.  Fig.  23  shows  the  distribution  of 
time  differencea  between  touch  down  of  the  right  and  left  main  landing  gear.  The  distribution  indicates  that 
during  every  fourth  landing  {25  percent)  a  two  point  landing  has  been  observed.  The  time  differences  vary 
between  0  and  2.5  seconds  (L/H  gear  first)  and  0  and  2.0  seconds  (R/H  gear  first). 

Fig.  24  represents  a  distribution  of  time  differences  between  touch  down  of  the  main  landing  gear  (which 
ever  comes  first)  and  the  nose  landing  gear.  During  70  percent  of  landings  the  time  differences  vary  between 
6  and  10  sec.  The  max.  time  difference  detected  during  the  measurement  was  20  seconds  [  12  ). 


TAXI  TIME  W  MM 


FIG. 22  FREQUENCY  D6TRBLTTTONS  OF  TAXI  TIMES  [  12,16  ] 
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TIME  DIFFEI  SNCES  IN  SEC 


RG.23  CXSTRBUTIONS  OF  THE  JTME  DIFFERENCES  BETWEEN  FIG. 24  DISTRIBUTIONS  OF  THE  *HME  DIFFERENCES  BETWEEN 

TOUCH  DOWN  Of  UH  AND  FW  MAIN  LANDING  GEAR  [12]  TOUCH  DOWN  OF  MAIN  AND  NOSE  LANDWG  GEAR  [12] 

2.5  Push  back  and  towing  operations 

Modern  civil  airports  are  equipped  with  boarding  piers. This  requires  a  parking  of  the  aircraft  at  or  near 
the  pier,  so  that  passengers  can  leave  the  aircraft  directly  to  the  terminal.  After  boarding  a  special  maneuver 
is  necessary,  a  so-called  push  back.  That  means  moving  the  aircraft  backwards  to  a  position  from  which  the 
aircraft  can  taxi  to  the  runway  under  it's  own  power  (  32,  33,  34  ]. 


2.5.1  Different  towing  methods 


The  towing  procedure  of  aircraft  from  the  terminal  to  the  hangar  and  vice  versa  normally  will  be  per 
med  by  towbar  and  tractor.  To  save  fuel,  reduce  noise  and  shorten  the  towing  times  (compared  to  tow  bar 
towing)  in  the  last  years  the  so  called  high  speed  tractors  were  designed.  The  maximum  towing  speed  will  be 
about  50km/h.  It  is  planed  for  the  future  that  the  tractors  will  also  be  used  to  move  the  aircraft  from  the 
terminal  directly  to  the  runway  and  back  after  landing.  Examples  of  the  different  towing  methods  are 
presented  on  Fig.  25  [  32  ).  o 


CONVENTIONEL 
TOWING  METHOD 


PUSH  -  BACK  OPERATIONS 


A300 
A310 
•  tow&ar 

»  HKiH  SPEED  TRACTOR 


FREQUENCY  PER  PUSH  BACK 


2.5.2 


FK3.25  TOWING  METHODS 


F1G.26  FREQUENCY  DISTRIBUTIONS  OF  THE  DRAG 
LOADS  ON  NOSE  LANDING  GEAR  [  32  ] 


Impact  of  the  loading  conditions  towing  and  push  back  on  the  nose  landing  gear 


The  importance  of  these  load  cases  for  the  nose  landing  gear  first  were  presented  by  the  results  of  the 
measurement  on  Airbus  A300B2  I  12  ].  Normally  the  nose  landing  gear  of  the  aircraft  is  unbraked  but  during 
towing  and  push  back  -  the  nose  gear  is  coupled  to  the  tractor  -  the  nose  landing  gear  acts  as  though  it 
were  braked,  caused  by  braking  and  acceleration  of  the  tractor  driver.  This  leads  to  further  towing  and  push 
back  investigations  during  normal  aircraft  service  of  Deutsche  Lufthansa  at  Frankfurt  and  Air  France  at 
Paris,  CDG. 


2.5.3  Drag  loads  during  push  back  and  towing  operations 

Fig.  26  show  the  frequency  distributions  of  the  drag  loads  on  the  nose  landii.g  gear  using  towbar  and 
high  speed  tractor.  During  push  back  the  measured  drag  loads  are  comparable  in  magnitude  and  frequency. 
The  measured  negative  loads  are  in  proportion  to  the  nose  gear  spin  up  loads.  During  towing  the  loads  are 
higher  using  high  speed  tractor.  The  loadB  are  influenced  insignificantly  by  the  aircraft  mass  but  severely 
by  the  acceleration  and  braking  characteristics  of  the  tractor. 

Recently  during  a  push  back  maneuver  of  an  ATP  aircraft  at  Bremen  airpo  t  the  nose  gear  and  the  fuselage 
attachment  were  havy  damaged  I  32  ]. 
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3.  C~  .CLUS10N 


3.1  Summary  of  essential  results 

In  this  contribution  a  lot  of  results  taken  from  long  time  measurements  of  different  aircraft  have  been 
presented.  It  is  to  be  hoped  that  the  contribution  clarly  indicates  that  the  landing  gear  as  one  of  the  most 
important  components  should  not  be  neglected  and  that  more  attention  should  be  paid  to  the  landing  gear 
design  including  fatigue  evaluations.  The  different  loading  conditions  of  the  landing  gear  as  well  as  the  real 
loads  acting  on  the  landing  gear  during  service  could  be  shown. 

These  facts  have  been  elucidated  not  only  by  the  failure  statistics,  but  also  by  accidents  and  problems 
caused  by  landing  gear  of  modern  aircraft  in  the  present.  A  surprising  result  was  that  the  magnitudes  of 
push  back  loads  on  the  nose  gear  are  in  proportion  to  that  of  the  spin  up.  This  is  important  because  the 
loading  condition  spin  up  is  a  design  case  for  the  nose  gear  up  to  now. 

To  make  it  easy  to  use  the  results  for  further  treatments  cr  transference  for  new  design  of  landing  gear 
and  airframe  structures  the  operational  data  have  been  presented  in  relation  to  the  limit  loads. 

Correlations  of  the  landing  gear  loads  (simultaneously  occured)  have  not  been  presented  in  this  contribu¬ 
tion.  In  (  12  1  results  of  correlations  were  investigated  thoroughly.  From  that  it  can  only  be  noted,  that  a 
definite  correlation  between  the  loads  does  not  exist.  But  depending  on  different  frequency  bands  a  better 
correlation  becomes  evident. 

The  comparison  of  A3O0B2  results  with  those  of  VFW  614  shows  in  general  a  good  accordance  although  the 
A30CR2  measurement  only  represents  a  scheduled  in-service  investigation. 

The  results  of  A300B2  for  the  loading  condition  landing  impact  show,  that  the  nose  gear  is  relativ  more 
highly  loaded  than  the  main  gear. 

The  push  back  and  towing  measurement  was  the  first  investigation  to  establish  load  spectra  based  on 
actual  airline  service. 

All  spectra  as  presented  are  transferable  to  military  transport  aircraft  and  the  spectra  derived  from  i 
fighter  aircraft  to  combat,  aircraft,  respectively. 


3.2  Example  for  the  disposition  of  landing  gear  fatigue  teats. 

Based  on  the  results  of  the  A300B2  landing  gear  load  measureme.  t  the  fatigue  test  set  up  has  been 
revised  and  completed  at  that  time. 

Hew  a  typical  fatigue  test  set  up  for  the  main  gear  of  a  transport  aircraft  could  be  disposed  is  shown  on 
Fig.  27.  It  represents  a  typical,  concerning  the  frequency  simplified  (compared  to  the  real  loadings)  flight  by 
flight  test  spectrum  for  the  main  landing  gear.  It  is  separated  into  the  take  of  ind  Landing  spectrum.  The 
different  load  cycles  are  dependent  on  the  loading  conditions.  Landing  gear  actuator  loads  (simulation  of 
retraction  and  extention)  also  will  be  applied. 


Z  > 


FIG.  27  A 300  B2  MAIN  LANDING  GEAP  FATIGUE  TEST  SPECTRA 
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3.3  Load  monitoring  activities 

1 1  the  list  years  some  activities  concerning  load  monitoring  of  the  airframe  during  aircraft  service  have 
oen  developed. 

a  DA-propoaal  represents  the  Operational  Loads  Monitoring  System,  OLMS  for  A/C  A320  which  is  under 
development.  The  working  principle  of  OLMS  is  shown  on  Fig.  28.  It  indicates  that  OLMS  only  is  the  monito¬ 
ring  device  integrated  in  the  who*e  Airframe  Condition  Monitoring  Procedure  (ACMP).  The  aims  of  OLMS  are 
the  determination  of  load  _pec tra  of  all  aircraft  components  and  correlations  between  loads  occured  simulta¬ 
neously  [  35,  36  ].  In  addition  a  special  function,  the  event  identification  during  landing  and  flight  will  be 
performed.  That  means  detection  ->r  hard  landings  and  limit  load  exeedances. 
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HG.28  AIRFRAME  CONDITION  MONITORING  °R0CEDUP3.  ACMP 

A  first  step  was  made  for  A320  using  the  Data  Management  Unit  (DM'  i-fiered  to  th*  1  as  an  option. 
The  DMT  served  for  monitoring  hard  landings  and  recording  of  extreme  ^neuver-  and  f  «  -ladings. 

It  is  intended  to  incorporate  the  landing  gear  completely  into  the  monitoring  activities  in  the  near  future. 
These  will  be  solved  when  in  connection  with  the  development  of  the  A320  Weight  and  Balance-System  (WBS) 
proper  landing  gear  sensors  will  be  available. 
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SUMMARY 


This  paper  discusses  development,  testing,  and  analysis  of  retrofit  nose  and  main  landing  gears  designed 
for  improvement  in  C-130  transport  aircraft  rough  field  capabilities,  concentrating  primarily  upon 
analytical  model  prediction  aspects  which  might  be  applicable  to  other  gear  designs.  Two  levels  of 
improvement  were  examined,  with  the  second  level  resulting  in  a  new  longer  stroke  strut  designed  to  retract 
into  existing  stowage  volume.  All  improved  gears  were  qualified  by  laboratory  drop  tests  and  also 
evaluated  for  rough  field  performance  by  laboratory  shaker  testing.  Extensive  analytical  model  studies 
were  compared  with  test  results.  Model  improvanents  were  developed  where  necessary,  with  particular 
attention  to  representing  strut  friction,  predicting  strut  rebound  damping,  and  modeling  transition  from 
isothermal  toward  adiabatic  conditions  in  the  strut  inflation  gas.  Rough  field  capability  estimates  for 
the  C-130  equipped  with  these  gears  have  been  made.  Reconmendations  for  further  analytical  model 
imp.  ovanents  are  included. 


1 .  INTRODUCTION 


Concepts  of  future  warfare  envision  ccmbat  operations  frcm  and  air  delivery  of  cargo  to  austere  airfields, 
repaired  bcmb  damaged  runways,  or  in  seme  cases  onto  hastily  prepared  unpaved  surfaces,  all  expected  to  be 
quite  rough  and  very  short.  If  additional  runway  roughness  tolerance  can  be  achieved  through  landing  gear 
improvements,  bomb  damage  repair  times  could  be  reduced,  or  alternatively  taxiways  or  grass  strips  might  be 
utilized,  thus  greatly  diminishing  the  potential  effectiveness  of  an  airfield  attack.  One  tactical 
transport,  the  C-130,  could  potentially  reap  enormous  benefits  in  this  scenario  through  improvements  in 
landing  gear  design. 

One  way  to  accommodate  short  runways  is  to  reduce  forward  speed  and  the  kinetic  energy  to  be  dissipated 
during  rollout  by  using  higher  approach  glide  slopes.  Higher  glide  slopes  generally  mean  higher  landing 
impact  sink  speeds.  Design  sink  rate  for  Short  Takeoff  and  Landing  (STOL)  aircraft  is  usually  assumed  to 
be  15  FPS  (Reference  1.)  Rates  higher  than  15  FPS  wauld  likely  provide  diminishing  benefits  because  of 
higher  landing  gear  weight  to  achieve  necessary  gear  stroke.  Current  land  based  aircraft  are  designed  for 
10  FPS  sink  rate,  or  on  some  older  models,  9  FPS. 

The  C-130  transport  is  a  9  FPS  aircraft  and  considerable  attention  has  been  directed  to  methods  for 
improving  its  sink  rate  and  ground  roughness  capability.  The  desirability  of  landing  gear  modifications 
became  increasingly  apparent  during  the  joint  US/UK  HAVE  BOUNCE  program  (Reference  2.)  Frequent  bottoming 
of  the  nose  gear  and  the  lack  of  ability  to  maintain  stt  ut  positions  set  during  service  first  directed 
attention  to  the  strut  behavior.  Fortunately,  the  availability  of  good  instrumentation  made  it  possible  to 
compare  operational  pressures  with  theoretical  predictions.  Under  high  compressive  loads,  significant 
pressure  loss  frequently  occurred.  Occasionally  under  decreasing  loads,  as  during  takeoff,  pressure 
recovered . 

Subsequently,  the  instrumented  nose  and  main  (one  strut)  gears  were  installed  by  the  UK  on  another  C-130 
for  unpaved  surface  testing  (Reference  3.)  IXiring  short  flights,  dramatic  pressure  variations  were  found 
in  the  main  gear  from  liftoff  to  the  next  touchdown.  Figure  1  shows  results  from  a  series  of  three  takeoff 
and  landing  runs  from  a  paved  surface  where  extended  strut  pressure  recovery  varied  between  140  psi  and  60 
psi  vrfiile  in  the  air. 

Upon  completion  of  aircraft  testing,  the  instrunented  gears  were  shipped  to  the  U.  S.  Air  Force  Wright 
Aeronautical  Laboratories  for  further  study.  Tests  of  the  nose  gear  showed  that  duplication  of  aircraft 
measured  dynamic  strut  position  resulted  in  pressure  variations  similar  to  the  previously  collected 
aircraft  data. 

There  have  been  sporadic  reports  of  gear  servicing  problems  (i.  e.  flat  strut3  although  following 
reccranended  procedures.)  It  is  believed  that  these  incidents  are  a  manifestation  of  the  same  pressure 
loss/recovery  phenomenon  observed  during  the  test  programs. 

Figure  2  illustrates  the  dilemna  faced  in  servicing  struts  with  variable  pressure  behavior.  If  servicing 
is  done  with  the  aircraft  on  jack3,  any  subsequent  gas  loss  under  load  will  lower  the  airspring  curve  and 
may  even  allow  the  strut  to  bottom,  forcing  the  aircraft  to  taxi  with  only  the  tire  spring.  Of  course 
bottoming  is  undesirable  as  there  is  no  damping  by  the  strut.  If  servicing  is  done  under  load  with  some 
gas  already  in  solution,  over  charging  could  result.  Pressure  recovery  could  cause  excess  gas  pressure 
adding  proportionately  to  the  orifice  load  at  landing  impact,  and  increasing  peak  load  at  all  rates  of 
sink. 


If  the  orifice  peak  load  happens  to  set  the  design  limit  load  at  design  rate  of  sink,  overload  could  occur 
should  this  sink  rate  be  reached.  Even  though  the  landing  gears  might  be  strong  enough  to  withstand  the 
■added  loads,  restrictions  on  allowable  wing  fuel  might  be  required  to  offset  the  additional  aircraft  load. 


2.  LANDING  GEAR  MODIFICATIONS 


Shortly  aft°r  the  HAVE  BOUNCE  program,  the  Lockheed  preliminary  design  organization  began  a  program  to 
investigate  ways  to  improve  C-130  gear  performance.  The  study  covered  a  number  of  concepts  and  two  of 
these  resulted  in  experimental  hardware. 

To  increase  surface  roughness  and  sink  rate  capability,  both  improved  and  STOL  landing  gears  have  been 
built  and  tested.  This  report  focuses  primarily  upon  the  surface  roughness  capabilities  witn  these  gears 
as  predicted  by  analysis.  The  extended  stroke  gears  are  now  being  flown  on  Lockheed’s  High  Technology  Test 
Bed  aircraft  which  is  shown  in  Figure  3;  however,  testing  at  high  sink  rates  and  over  test  runway  profiles 
has  not  yet  been  accomplished. 

a.  Retrofit  Kits  for  Improving  Existing  Gears 

Retrofit  modifications  were  designed  which  would,  hopefully,  prevent  gear  bottoming  and  severe  deviations 
in  gas  pressure  from  expected  values.  These  modifications  are  referred  to  as  improved  gears. 

Figure  4  shows  the  changes  made  to  the  standard  nose  gear.  The  inverted  cone  orifice  and  bulkhead  are 
removed.  A  new  inner  cylinder  is  placed  inside  the  existing  piston.  The  new  cylinder  contains  a  floating 
piston  which  serves  as  a  separator  between  gas  and  oil.  A  new  main  damping  orifice  is  placed  in  the  top  of 
this  cylinder.  The  existing  gas  inflation  port  is  sealed  and  gas  inflation  is  moved  to  the  bottom  of  the 
inner  cylinder,  resulting  in  an  "inverted  strut”  having  fluid  above  the  inflation  gas.  Production  versions 
will  have  a  gas  purging  device  installed  in  the  existing  inflation  port  at  the  top  of  the  strut  to 
facilitate  purging  of  any  gas  vrfiich  may  leak  past  the  separator  piston. 

A  new  upper  bearing  assembly  contains  orifices  and  a  flap  valve  to  control  extension  rate  by  restricting 
flow  from  the  chamber  between  the  piston  and  outer  cylinder.  The  rebound  orifices  were  sized 
experimentally  to  achieve  the  recommended  maximum  extension  rate  of  approximately  one  third  the  landing 
impact  closure  rate  (Reference  4.)  Originally,  a  flap  valve  was  installed  on  the  main  orifice,  but  tests 
showed  cavitation  in  the  main  oil  chamber,  consequently  this  flap  valve  was  removed.  A  replacement  lower 
bearing  with  a  chamfered  lower  edge  is  used  to  minimize  friction  during  wheel  spin-up. 

These  modifications  are  designed  for  retrofit.  Maximum  use  is  made  of  existing  landing  gear  parts 
including  all  existing  forgings.  The  changeover  can  be  accomplished  on  later  series  one  piece  forging 
struts  by  mechanical  disassembly  and  parts  replacement.  On  earlier  2-piece  forging/ welded  struts, 
machining  of  the  orifice  plate  is  necessary  to  allow  clearance  around  the  new  inner  cylinder. 

Figure  5  compares  existing  and  improved  main  gear  struts.  Again,  the  goal  was  to  provide  a  kit  that  could 
be  installed  by  parts  substitution  without  machine  shop  re-work  of  existing  gears.  As  shown,  the  existing 
oil  chamber  bulkhead  and  the  orifice  plate  are  ranoved  and  replaced  with  a  bulkhead  supporting  a  metering 
pin  having  an  oil  spray  deflector  counter  piston  mounted  on  its  top  end.  The  counter  piston  minimizes  oil 
spray  during  strut  rebound.  A  new  upper  bearing  assembly  has  orifices  and  a  control  flap  valve.  By 
shortening  the  bearing  length,  stroke  is  increased  from  10.5  in.  to  11  in. 

One  each  nose  and  main  gear  modification  kits  were  constructed  for  laboratory  testing  and  installed  in  the 
instrumented  nose  and  main  struts  previously  used  in  the  HAVE  BOUNCE  program.  No  installations  have  yet 
been  made  on  an  aircraft.. 

b.  Extended  Stroke  Landing  Gears 

IXiring  the  time  improved  gears  were  being  developed,  a  test  aircraft  was  obtained  for  evaluating 
aerodynamic  devices,  flight  controls,  and  electronic  equipment  related  to  STOL  operation.  New  landing 
gears  developed  for  this  test  aircraft,  in  addition  to  providing  longer  stroke,  incorporated  features  built 
into  the  improved  g°ars.  STOL  operation  gears  are  referred  to  as  extended  stroke  gears. 

Figure  6  shows  sketches  of  extended  stroke  gears.  One  each  nose  and  main  gear  struts  for  laboratory 
testing  and  one  aircraft  ship  set  for  flight  testing  were  built  by  M^nggco  to  \  'ckheed  drawings.  These 
struts  are  similar  to  the  improved  nose  and  main  gears.  They  incorporate  gas/oil  separation,  rebound 
damping,  and  for  the  main  gear,  a  metering  pin.  In  addition,  the  nose  gear  stroke  is  increased  from  10.5 
in.  to  18  in.  and  the  main  gear  stroke  is  increased  from  10.5  in.  to  24  in. 

Since  these  struts  will  not  fit  into  the  existing  wheel  well  when  fully  extended,  a  compression  feature  has 
been  built  into  both  nose  and  main  gears,  wherein  ship’s  hydraulic  pressure  is  used  to  compress  the  struts 
prior  to  retraction.  Insufficient  door  clearances  on  the  test  aircraft  required  the  use  of  smaller  tires 
on  a  temporary  basis.  Should  these  gears  be  installed  on  production  aircraft,  modifications  to  the 
compression  systen  will  be  made  to  accommodate  current  tire  sizes. 

Figure  7  shows  a  comparison  of  the  standard  and  extended  stroke  main  landing  gears.  The  additional  energy 
absorption  potential  of  the  longer  stroke  gear  is  readily  apparent  in  this  figure. 


Both  types  of  new  gears  may  be  retrofitted  to  existing  aircraft  or  incorporated  into  new  production 
C-1 30's. 
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3.  LANDING  GEAR  LABORATORY  AND  FLIGHT  TESTING 


Guidance  for  development  of  these  landing  gear  modifications  and  replacements  have  been  and  continue  to  be 
dependent  upon  extensive  testing. 

a.  Aircraft  Testing 

There  have  been  three  recent  opportunities  to  collect  flight  test  results  to  evaluate  C-130  landing  gears. 
These  were  the  programs  described  in  References  2  and  3,  and  current  testing  on  Lockheed's  High  Technology 
Test  Bed  aircraft.  Prior  to  the  HAVE  BOUNCE  test  program,  most  C-130  testing  utilized  either 

oscillographic  recording  or  FM  analog  techniques  that  were  not  readily  usable  to  the  level  of  detail 
required  to  determine  gear  performance.  Main  concerns  during  earlier  test,  were  the  magnitudes  cf  peak 
loads  and  only  a  limited  amount  of  strut  performance  data  was  available  for  analysis  in  time  history  or 
cross  plot  format.  Internal  pressures  were  not  usually  measured,  and  string  potentiometers  used  for  stroke 
measurements  were  not  very  accurate. 

Figure  8  shows  an  example  of  the  high  quality  time  history  data  collected  in  the  HAVE  BOUNCE  progran.  For 
the  first  time,  it  became  practical  via  computer  to  cross  plot  measured  pressures  vs.  stroke  and  to 
superimpose  theoretical  pressure/strokes  with  test  results  as  shown  in  Figure  9*  Having  this  capcb'l 
particular  attention  could  be  directed  toward  gear  response  as  was  the  case  during  the  grass  surface  trials 
program. 

Flight  tests  have  also  emphasized  the  significance  of  main  gear  telescoping  friction.  Figure  10  shows  main 
gear  strut  friction  during  a  landing  rollout.  It  is  seen  that  strut  motion  occurs  in  a  series  cf  steps  as 
load  changes,  indicating  only  limited  shock  absorption.  All  four  main  struts  on  the  High  Technology  Test 
Bed  aircraft  have  been  instrumented.  The  data  from  four  main  struts  has  also  revealed  interesting  main 
gear  friction  behavior  as  shown  in  Figure  11.  The  differences  in  the  amount  of  telescoping  friction 
between  the  left  and  right  landing  gears  is  believed  to  illustrate  a  lateral  drift  (left)  landing  where 
friction  is  increased  due  to  outboard  loading  of  the  right  pair  of  struts  and  decreased  due  to  inboard 
loading  of  the  left  pair  of  struts. 

Oily  limited  landing  gear  data  has  been  obtained  from  the  test  aircraft.  STCL  evaluation  testing  is  now 
underway. 

b.  Laboratory  Testing 

Both  the  improved  and  extended  stroke  landing  gears  have  gone  through  extensive  laboratory  testing  as 
individual  struts.  All  tests  were  performed  by  the  Air  Force  Wright  Aeronautical  Laboratories  at 

Wright-Patterson  Air  Force  Base,  Ohio,  using  Numbers  3  and  4  drop  towers,  as  sketched  in  Figure  12. 

For  drop  testing,  the  gears  were  suspended  beneath  a  ballast  container  and  allowed  to  free  fall  onto  an 
instrumented  platform.  Backward  pre-rotation  of  the  tires  simulated  spin-up.  At  the  position  where  the 
tire  just  touched  the  platform,  further  downward  motion  of  the  ballast  container  was  resisted  by  air 
cylinders  at  a  pressure  calculated  to  equal  the  ballast  weight,  thus  simulating  aircraft  lift. 

Instrumentation  consisted  of  strain  gage  measurement  of  vertical  load,  main  hydraulic  chamber  oil  pressure, 
gas  inflation  pressure,  rebound  chamber  pressure,  and  in  some  cases  inflation  gas  temperature.  Vertical 
displacement  and  acceleration  of  the  ballast  container  were  recorded.  For  shaker  testing,  hydraulic  shaker 

ram  pressure  and  displacement  were  added.  For  drop  tests,  drop  platform  vertical  and  drag  loads  were 

included . 

Figure  13  illustrates  a  fitting  used  to  gain  access  for  rebound  chamber  pressure  measurement  directly 
through  the  strut  sidewall.  This  technique  was  for  laboratory  use  only  and  wa3  not  considered  for  any  gear 
installed  on  an  aircraft. 

Since  no  increase  in  sink  rate  or  aircraft  landing  weights  were  planned  for  the  improved  gears,  they  were 
drop  tested  to  the  same  conditions  as  originally  specified  for  the  standard  struts.  Any  gains  for  landing 
impact  are  thus  realized  by  lower  landing  loads. 

References  5  and  6  report  drop  test  results  for  the  improved  landing  gears  and  References  7  and  8  report 
drop  test  results  for  the  extended  stroke  gears.  For  both  improved  and  extended  stroke  gear  sets, 
preliminary  drops  were  made  for  sizing  rebound  damper  orifices  and  main  gear  metering  pins.  The  extended 
stroke  gears,  being  essentially  a  new  design  were  drop  tested  to  the  specifications  of  MIL-T-6053.  They 
are  fully  qualified  for  flight. 

Figure  14  compares  drop  tests  for  3f  5,  6,  9»  and  10  FPs  sink  rates  of  the  improved  nose  gear  with  i.ie  drop 
tests  of  the  standard  C-130  nose  gear.  These  comparisons  show  that  initial  load  build  up  is  more  rapid  in 
the  improved  gear  as  a  result  of  deletion  of  the  inverted  cone  orifice,  that  significantly  less  stroke  is 
U3ed  at  each  sink  speed,  that  no  bottoming  occurs,  and  that  rebound  is  slower.  Lower  loads  and  higher 
strut  efficiencies  could  be  achieved  with  a  larger  main  orifice;  however,  it  was  felt  that  the  increased 
damping  of  the  orifice  size  chosen  wuld  be  beneficial  in  reducing  aircraft  porpoising  over  runway 
roughness . 

For  3haker  testing,  the  instrumented  drop  platform  was  replaced  by  a  platform  attached  to  a  large  hydraulic 
shaker  capable  of  producing  progranmed  vertical  displacements  equivalent  to  the  excitation  seen  by  the  tire 
when  passing  over  an  actual  obstacle  at  various  speeds.  All  operations  except  rolling  tire  effects  and 
tire  wraparound  of  obstacle  sharp  corners  are  accounted  for.  Of  course,  since  individual  no3e  and  main 
struts  were  tested  separately,  aircraft  pitching,  pilot  response,  engine  thrust  and  aerodynamic  effects  are 
not  included. 
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During  specific  rough  surface  simulation  the  ballast  container  was  unrestrained  in  vertical  motion.  In 
order  to  study  response  to  a  particular  motion  such  as  step  closure  or  extension,  and  to  run  slow  rate 
load/stroke  curves,  the  ballast  container  was  restrained  to  prevent  vertical  movement. 

Figure  15  illustrates  typical  shaker  tests  of  the  extended  stroke  main  gear.  Gear  vertical  load  is  shown 
for  50  ,  75,  100,  and  125  ft. /sec.  simulated  aircraft  speeds  over  a  7.2  in.  (1-cosine)  shaped  dip,  also 
shown  in  Figure  15.  Because  of  ballast  container  and  support  structure  weight,  these  tests  were  run  at 
50,000  lb.  strut  load,  corresponding  to  an  aircraft  weight  of  over  200,000  lb.  substantially  greater  than 
current  aircraft  weight  limits.  This  capability  illustrates  the  robust  design  of  these  struts. 


4.  COMPUTER  SIMULATION  FOR  LOAD  PREDICTIONS 


Prior  to  the  development  of  powerful  desktop  computers  in  the  early  to  mid  1980's,  the  cost  of  computer 
time  limited  to  a  large  degree  the  rnxnber  and  complexity  of  simulation  studies  that  could  be  carried  out. 
Compxjtational  cost  for  non-linear  landing  gear  studies  can  no  longer  be  considered  to  be  a  limiting  factor 
within  even  very  modest  size  organizations,  as  the  newer  32-bit  cpu  micro  computers  have  the  capacity  and 
sp>eed  to  run  extensive  landing  gear  simulations  in  combination  with  a  flexible  aircraft  model.  Prospects 
are  good  for  achieving  even  greater  computational  capability  over  the  next  several  years. 

While  not  as  spectacular  as  computer  hardware  improvements,  software  techniques  have  also  progressed. 
Reference  9  presents  a  variable  step  size  integration  technique  that  is  several  times  faster  than  the 
popxjlar  Runge-Kutta  fixed  step  size  methods.  Data  presentation  methods  have  also  evolved,  as  cheap  and 
easy  to  use  graphics  devices  have  proliferated. 

In  order  to  more  accurately  simulate  performance  of  improved  and  extended  stroke  gears,  several  changes  to 
the  usual  C-130  modeling  techniques  were  made.  These  included  polytropic  gas  compression,  revised  strut 
friction,  and  representation  of  rebound  damping.  These  changes  have  resulted  in  on  acceptable  level  of 
correlation.  Simulation  and  test  results  comparisons,  based  on  individual  struts,  increases  confidence  in 
the  predictions  of  loads  in  the  whole  aircraft  simulation. 

The  modeling  techniques  developed  for  these  gears  are  expected  to  be  beneficial  for  other  landing  gears 
since  they  resulted  in  increased  understanding  of  several  previously  troubling  areas  in  gear  simulation. 

a.  Isothermal/Adiabatic  Transition  for  Gas  Separated  Struts 

A  first  task  in  validating  a  landing  gear  simulation  model  is  to  establish  a  correct  pressure  vs.  stroke 
relationship,  as  this  determines  the  gear  spring  characteristics  and  primarily  the  response  frequency. 
Accurately  measured  pressures  and  strokes  are  vital  to  establish  this  relation.  Once  the  correct 
pressure/3troke  is  defined,  otner  model  features  such  as  strut  friction  can  be  more  easily  established. 

Usually,  analyses  are  made  on  the  basis  of  an  assumed  constant  polytropic  gas  compression/expansion 
coefiicient  (Reference  1),  perhaps  l.w  *or  struts  without  gas/oil  separation  and  1.3  -  1.4  for  struts  with 
gas/oil  separation.  In  the  case  of  taxi  with  the  strut  starting  from  isothermal  equilibrium,  there  have 
been  few  ways  to  transition  to  the  higher  coefficients  without  encountering  a  fictitious  pressure  step. 

Reference  10  indicated  that  transition  might  be  accounted  for  during  compression  by  making  the 
ccropression/expansion  exponent  an  exponential  function  of  stroking  velocity.  This  approach  was  tried  in  an 
experimental  simulation  and  found  to  work  satisfactorily  during  compression;  however,  at  maximum  stroke 
vAien  strut  velocity  goes  to  zero  the  exponent  drops  back  to  the  isothermal  value  of  1.0  resulting  in  a 
sudden  drop  in  computed  pressure. 

Reference  11  points  out  that  the  polytropic  exponent  is  a  variable  and  is  dependent  upon  the  ratio  of  heat 
transfer  to  work  done.  It  was  decided  to  experimentally  model  the  ccropression/expansion  coefficient  as  a 
function  of  the  work  done  on  the  gas.  This  method  was  found  to  work  quite  satisfactorily  and  accounts  for 
both  heating  and  cooling  of  the  strut.  Figure  16  shows  the  exponential  functions  which  were  fitted  for  the 
nose  and  main  landing  gears.  Additionally  provision  is  made  for  an  initial  exponent  which  may  differ  from 
1.0  due  to  prior  heating  or  cooling  of  the  strut. 

Also,  tests  at  slow  rates  of  loading  produced  pressures  less  than  those  calculated  by  a  simple  isothermal 
process,  even  when  the  gas  and  oil  were  separated.  Approximation  of  the  effects  of  material  expansion  and 
hydraulic  oil  compressibility  as  a  function  of  pressure  were  required.  For  the  extended  stroke  gears  these 
quantities  were  determined  to  be  .001587  in.-vpsi  for  the  nose  gear  and  .0070588  in.^/psi  for  the  main 
gear.  With  this  modification  the  pressure  becomes  an  implicit  function  which  must  be  solved  by  iteration 
at  each  time  step. 

Figure  17  illustrates  that  the  variable  thermodynamic  coefficient  and  the  ccropression/expansion  modeling 
functions  result  in  a  close  match  of  the  pressure  vs.  stroke  relations  for  both  gears.  There  is  a 
substantial  improvement  ova*  methods  which  do  not  allow  for  these  effects. 

b.  Modeling  Strut  Telescoping  Friction 

The  level  of  strut  friction  in  a  gear  can  usually  be  readily  seen  from  test  results  in  a  cross  plot  of 
strut  load  and  stroke.  Changes  in  load  while  the  strut  position  stays  fixed  is  an  indication  of  friction. 

Figure  18  shows  examples  of  slow  and  rapid  rates  of  loading  for  the  high  sink  rate  main  gear.  The 
stairstep  characteristic  at  the  slow  rate  is  Indicative  of  a  stick/slip  situation.  As  stroking  velocity 
increases,  the  load/ stroke  curve  bee  ernes  smooth;  however,  when  the  strut  reverses  direction  a  large  change 
in  load  occurs  before  the  strut  moves.  Since  damping  is  zero  and  air  pressure  remains  constant  while  the 
strut  is  stationary,  friction  is  the  remaining  unknown  force. 
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A  calculation  of  normal  force  in  the  strut  shows  that  usually  assuned  friction  coefficients  for  teflon  on 
steel  are  much  too  low  to  generate  the  levels  of  friction  observed.  It  is  theorized  that  bending  of  the 
strut  causes  the  piston/ cylinder/ bearing  combination  to  become  oval  in  shape  as  illustrated  in  Figure  19. 
Binding  between  the  bearing  and  cylinder  at  the  upper  bearing  and  between  the  bearing  and  piston  at  the 
lower  bearing  are  believed  to  cause  the  large  friction  forces  observed. 

Figures  20  and  21  illustrate  the  importance  of  representing  strut  friction  in  the  simulation  model.  Test 
results  illustrate  the  standard  C-130  main  landing  gear  loaded  in  the  laboratory  by  a  simulated  5  in. 
amplitude  (1-cosine)  bump  at  a  simulated  speed  of  50  ft. /sec.  Since  there  were  significant  differences  in 
measured  pressure/stroke  vs.  theoretical  values,  an  isothermal  curve  fit  was  made  to  minimize  errors  from 
the  airspring.  Figure  20  shows  results  of  the  simulation  and  test  comparisons  with  the  fitted  airspring 
plus  friction,  with  good  correlation  indicated.  Figure  21  shows  similar  results  with  the  friction  model 
removed,  and  comparisons  are  poor.  It  is  assuned  that  discrepancies  resulting  from  poor  friction  modeling 
have  not  previously  been  so  apparent  because  airspring  errors  have  partially  compensated  for  friction 
errors. 

c.  Rebound  Damper  Simulation 

Pressure  measurements  frera  shaker  tests  were  used  to  determine  effective  flow  coefficients  from  the  rebound 
chambers.  Figure  22  shows  rebound  chamber  and  main  oil  chamber  pressures  for  the  extended  stroke  main 
gear.  It  is  seen  that  each  time  the  gear  extends  the  flap  valve  closes,  producing  a  pressure  drop  across 
the  rebound  orifices  in  the  upper  bearing,  limiting  the  extension  rate  of  the  strut.  Two  E-bunp  profiles 
were  used  for  the  gear  simulation. 

As  indicated  in  Figura  23,  the  extended  stroke  nose  gear  flap  valve  does  not  close  promptly  as  the  strut 
starts  to  extend.  The  seme  2  E-bunp  profile  is  used  so  the  difference  in  behavior  of  the  main  and  nose 
struts  in  attributable  to  mechanical  causes.  Figure  24  shows  a  plot  of  the  mathematically  calculated 
derivative  of  strut  displacement  along  with  the  rebound  chamber  pressure.  Flap  valve  closure  occurs  in  the 
neighborhood  of  30  in. /sac.  extension  velocity.  For  simulation  purposes,  it  was  necessary  to  set  flap 
valve  closure  criteria  as  a  function  of  both  rebound  chamber  pressure  and  strut  extension  rate.  The  values 
selected  were;  rebound  chamber  pressure  dropping  below  600  psi  and  strut  extension  rate  exceeding  27 
in. /sec.  Using  this  criteria,  fairly  good  rebound  chamber  pressure  calculations  were  obtained  as 
illustrated  in  Figure  25.  For  a  range  of  other  speeds,  simulated  flap  valve  closure  was  reasonably 
consistent  with  test  results. 

Successful  correlation  for  the  extended  stroke  nose  gear  would  have  been  unlikely  without  benefit  of  the 
rebound  chamber  pressure  test  measurements,  as  flap  valve  sticking  is  not  directly  detectable  from  load  and 
stroke  measurements. 

d.  Simulation  vs.  Test  Load  Caspar isons 

With  the  previously  discussed  modifications  to  the  polytropic  gas  exponent,  derived  rebound  chamber  orifice 
coefficients,  flap  valve  closure  criteria,  and  a  modified  friction  model  for  the  main  gear,  overall  model 
accuracy  can  be  evaluated  by  comparing  strut  load  with  test  results.  Figures  26  and  27  show  comparisons 
for  the  extended  stroke  nose  and  main  gears.  Overall  agreement  between  simulation  and  test  i3  seen  to  be 
good.  These  models  are  now  considered  suitable  for  analytical  studies  of  aircraft  capability. 

e.  Gas  Solubility  In  Current  Struts 

Since  no  analytical  model  is  yet  available  to  adequately  represent  gas  solubility  and  subsequent 
dissolution,  It  is  necessary  to  resort  to  approximations  to  generate  adequate  comparisons  between  analysis 
and  test  results.  For  a  particular  strut,  the  best  approximation  can  be  generated  by  plotting  test 
generated  pressure  vs.  stroke  and  then  fitting  an  analytical  curve  to  the  resulting  data.  For  portions  of 
the  time  history  where  the  fitted  curve  is  close  to  actual  values,  overall  agreement  between  test  and 
simulation  Is  usually  good.  For  the  other  portions  of  the  time  history,  results  are  usually  poor. 

For  the  HAVE  BOUNCE  program,  fitted  data  from  a  number  of  tests  were  averaged  to  produce  a  composite  curve 
fit.  Comparisons  with  test  data  using  the  averaged  fit  data  were  less  accurate  than  the  comparisons  using 
fits  for  individual  runs;  however,  the  averaged  values  were  considered  more  suitable  for  parametric 
studies,  and  have  been  used  on  an  interim  basis  until  a  better  model  is  developed. 

A  good  analytical  model  of  gas  solubility  would  be  useful  for  a  number  of  current  gear  designs,  and  also 
for  future  gears  in  which  gas/ fluid  separation  might  not  be  feasible. 


5.  ESTABLISHMENT  OF  AIRCRAFT  ROUGHNESS  TOLERANCE 


An  aircraft's  response  to  runway  roughness  is  a  non-linear  resonant  system  having  highest  loads  at  certain 
excitation  frequencies.  Fran  an  operational  standpoint,  this  translates  into  a  question  of  how  fast  the 
aircraft  is  going  over  a  particular  rough  spot  on  the  runway,  and  does  that  speed  represent  a  resonant 
situation. 

It  is  not  possible  to  pre-define  the  distribution  of  roughness  wavelengths  along  a  runway.  Although  many 
attempts  have  been  made  to  develop  generalized  prediction  methods,  none  have  proven  to  be  totally 
acceptable.  Reference  12  is  probably  the  latest  examination  of  the  roughness  problem.  It  is  concerned 
with  loading  from  runway  berab  damage  repairs  and  was  directed  primarily  toward  occurrences  of  multiple 
bumps. 

In  addition  to  considering  candidate  levels  of  roughness  for  landing  gear  design,  Reference  12  went  into 
considerable  detail  about  methods  of  analysis  and  presentation  of  results.  One  approach  was  to  select 
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w>rst  case  combinations  of  speed,  wavelength,  and  bimp  amplitude,  and  use  this  recognizing  the  resulting 
severe  restrictions  on  allowable  runway  bunp  amplitudes.  Another  approach  was  to  recognize  that  seme 
additional  capability  could  be  obtained  if  certain  speed  and  roughness  wavelength  combinations  could  be 
avoided.  Here  the  term  wavelength  could  be  used  with  reference  to  a  single  bunp  or  to  the  periodic 
excitation  for  multiple  bumps. 

To  illustrate  critical  combinations  of  speed  and  wavelength  from  this  second  approach,  a  data  presentation 
method,  called  the  load  contouring  approach,  was  developed  in  Reference  12.  To  generate  gear  load 
information,  a  matrix  of  simulations  are  made  with  speed  and  wavelength  varying  in  a  prescribed  manner.  By 
using  interpolation,  contours  of  load  amplitude  can  be  extracted  from  a  matrix  of  peak  loads  from  these 
cemputer  simulations.  For  most  purposes,  limit  load  would  be  used.  Unless  some  part  of  the  aircraft  is 
known  to  always  be  the  first  to  reach  its  limit,  loads  for  a  nunber  of  locations  must  be  monitored.  These 
load  contours  can  be  generated  for  different  conditions,  i.e.  taxi,  takeoff,  rollout,  etc.  and  for 
specified  roughness. 

The  loads  contouring  methods  fran  Reference  12  are  general  and  can  also  be  applied  to  roughness 
specifications  other  than  bemb  damage  repairs.  In  this  report  they  are  used  to  study  roughness  capability 
with  respect  to  the  specification  roughness  of  MIL-A-8862  as  shown  in  Figure  28.  These  curves  were  derived 
from  measurements  of  potential  runway  sites  and  are  thus  at  least  semi-realistic.  Three  levels  of 
roughness  classifications  are  contained  in  this  specification. 

For  evaluating  this  aircraft,  the  semi-prepared  surface  was  chosen  since  there  is  little  question  of  the 
C-130's  ability  to  operate  frem  paved  surfaces,  and  the  unprepared  surface  roughness  is  so  severe  few 
aircraft  could  operate  at  that  level,  except  at  very  restricted  taxi  speeds. 

Figure  29  shows  estimated  capability  with  respect  to  a  semi-prepared  surface  for  a  C-130  at  design  landing 
weight  for  encountering  a  single  dip  having  the  amplitude  and  wavelengths  relationships  specified.  It  is 
assumed  that  the  aircraft  is  operating  during  rollout  with  full  reverse  thrust,  with  full  up  elevator  to 
minimize  nose  gear  loads,  and  with  no  wheel  braking.  Figure  29(a)  shows  estimated  capability  of  the 
aircraft  as  equipped  with  a  standard  landing  gear.  Figure  29(b)  shows  estimated  capability  of  the  aircraft 
equipped  with  the  improved  nose  landing  gear  along  with  standard  mains.  Since  the  improved  main  gears  do 
not  have  full  gas/oil  separation  and  only  a  minor  increase  in  stroke,  aircraft  capability  would  not  be 
significantly  changed  with  their  inclusion.  Figure  29(c)  shows  estimated  capability  of  the  aircraft  when 
equipped  with  the  extended  stroke  nose  and  main  landing  gears. 

These  results  show  an  unrestricted  capability  of  approximately  70  percent  of  the  semi-prepared  roughness 
level  with  the  standard  gears,  approximately  80  percent  capability  with  the  improved  nose  gear,  and 
approximately  100  percent  capability  with  the  extended  stroke  gears.  In  all  cases  nose  gear  vertical  load 
limits  established  these  capabilities. 


6.  LESS OMS  LEARNED 


Experience  with  several  configurations  of  gears  for  a  single  type  of  aircraft,  along  with  extensive 

laboratory  and  flight  testing,  has  provided  guidance  for  better  application  of  the  load  regulating 

techniques  incorporated  into  these  gears  as  well  as  providing  data  for  improved  landing  gear  modeling. 

Some  of  the  lessons  learned  were: 

a.  Landing  Gear  Design 

o  There  should  be  generous  allowance  for  flap  valve  clearance  in  order  to  prevent  erratic  damping 
behavior  and  provide  for  prompt  valve  closure  at  the  start  of  gear  extension. 

o  Although  there  may  be  cases  where  separation  of  hydraulic  oil  and  inflation  gas  may  not  be  practical 
or  desirable,  laboratory  results  from  these  gears  would  indicate  that  this  is  a  useful  means  of 
achieving  better  control  over  strut  internal  pressures  and  aids  servicing  reliability.  Further 
flight  measurements  should  reveal  any  operational  problems  that  might  not  be  seen  from  laboratory 
tests. 

o  Although  simple  floating  separator  pistons  should  not  have  significant  pressure  drops,  there  is  a 
possibility  for  leakage.  Evidence  of  gas  or  fluid  transfer  past  separators  in  these  gears  was  not 
seen  in  laboratory  tests  of  C-130  gears;  however,  conversations  with  individuals  experienced  with 
other  gears  indicate  that  chamber  purging  capability  needs  to  be  provided,  as  well  as  attention  to 
good  sealing. 

o  Possible  binding  of  internal  floating  pistons  from  cylinder  deformation  under  load  should  be 
considered . 

o  The  effects  of  strut  deformation  in  contributing  to  high  friction  are  believed  to  be  significant. 
Possible  contributions  of  high  binding  loads  to  strut  fatigue  damage  should  be  considered. 

o  For  struts  vfcich  must  be  partially  compressed  for  retraction,  adequate  hydraulic  supply  pressure  and 
pressure  area  should  be  provided  to  ensure  closure  during  specified  gear  retraction  time  and  to 
ensure  that  sufficient  pressure  is  available  to  overcome  adiabatic  compression  pressure  inside  the 
strut. 

b.  Landing  Gear  Testing  and  Computer  Modeling 

Among  the  lessons  learned  frero  testing  and  simulation  correlation  efforts  are: 
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o  Airspring  Definition 

Oie  of  the  most  important  contributions  to  success  of  a  gear  analytical  simulation,  and  a  definite 
first  step,  is  to  ensure  that  the  correct  strut  airspring  is  modeled.  This  should  be  based  on 
measurements  of  stroke  and  air  chamber  pressure.  If  the  strut  model  (i.  e.  isothermal,  polytropic, 
or  whatever)  do  not  agree  with  test  results,  it  is  advisable  to  empirically  fit  an  approximate 
pressure/stroke  relationship  through  the  test  results  before  proceeding  with  determination  of  other 
model  parameters,  otherwise  important  gear  behavior  for  which  there  are  no  direct  measurements  may  be 
overlooked . 

o  Strut  Friction  Modeling 

Strut  friction  should  be  included  in  simulation  models  for  load  calculations.  Without  adequate  test 
measurements,  the  magnitude  and  importance  of  friction  may  not  always  be  recognized.  Friction  is 
more  significant  for  gears  with  wheel  load  paths  offset  fran  the  strut  centerline,  but  high  friction 
may  also  occur  in  symmetric  strut  configurations  during  wheel  spin-up  and  during  braking  or  turning. 

o  Stroke  Measurement 

Stroke  measurements  should  utilize  instrumentation  with  positive  physical  connections  to  the  strut 
axle  and  cylinder.  Experience  on  other  aircraft  have  shown  that  string  potentiometers  which  rely  on 
a  stiff  spring  to  assure  positive  tension  are  not  adequate  for  this  application. 

o  Rebound  Chamber  Pressure  Measurement 

The  complicated  flow  patterns  through  multiple  small  orifices  that  may  be  used  with  rebound  chanbers 
make  measurements  of  rebound  chamber  pressure  advisable  during  laboratory  testing.  These 
measurements  help  to  establish  flow  efficiency  factors  for  analytical  predictions  and  also  help  to 
identify  binding  or  sticking  of  rebound  valves. 

o  Benefits  of  Simulated  Roughness  Testing  with  Shakers 

Little  information  about  gear  performance  in  taxi,  landing  rollout,  or  takeoff  is  provided  by 
traditional  landing  gear  drop  testing.  For  example,  high  strut  friction  could  be  beneficial  in 
dissipating  landing  impact  energy,  yet  be  high  enough  to  make  the  strut  essentially  rigid  for  low  to 
medium  runway  surface  roughness.  Strut  velocities  during  taxi  are  normally  much  lower  than  those 
occurring  at  the  design  sink  rates,  therefore  hydraulic  damping  may  be  far  from  optimum  for  taxi 
loading.  Roughness  testing  of  C-130  landing  gears  using  hydraulic  shakers  has  proven  to  be  useful. 
Roughness  testing  is  recommended  in  addition  to  the  currently  required  drop  tests,  particularly  if  an 
aircraft  is  expected  to  operate  from  other  than  high  quality  smooth  paved  runways. 


7.  ITEMS  FOR  FUTURE  DEVELOPMENT 


Although  much  progress  has  been  made  over  the  past  several  years  in  improving  transport  landing  gear  design 
and  analysis,  there  is  opportunity  for  further  improvement.  The  major  items  which  have  become  apparent 
during  the  development  and  testing  of  C-130  transport  landing  gears  are: 

a.  Strut  Theraodyna*ic3 

Despite  the  success  achieved  in  modeling  isothermal  to  adiabatic  transition,  the  technique  remains 

empirical  in  that  it  must  be  fitted  to  each  strut.  A  more  satisfactory  and  accurate  model  should  result 
fran  a  thorough  investigation  of  heat  transfer  between  the  inflation  gas  and  strut  walls  under  dynamic 
conditions.  Initial  efforts  have  been  made  as  illustrated  in  Figure  30;  however,  the  accuracy  level 
obtained  in  simulation  does  not  yet  equal  that  of  the  empirical  method.  With  additional  work  a  good 
thermodynamic  model  can  probably  be  developed. 

b.  Structural  Deformation  and  Strut  Binding 

The  significance  of  strut  binding  upon  the  response  of  struts  has  been  illustrated  in  this  report. 

Reference  13  indicates  that  high  friction  may  be  serious  enough  to  induce  strut  cracking.  It  is  therefore 
advantageous  to  understand  the  strut  binding  problem  as  thoroughly  as  possible. 

Research  into  strut  deformation  could  include  analytical  (perhaps  finite  element)  modeling  of  deformed 
struts  to  calculate  localized  pressure  loading  at  the  bearing/cylinder  interface.  Design  efforts  should  be 
directed  toward  minimizing  deformations  consistent  with  reasonable  weight  and  manufacturing  costs. 

Statistics  on  the  severity  of  friction  induced  cracking  would  be  useful.  If  some  struts  are  found  to  be 
more  imnune  to  cracking  than  others,  then  the  reasons  for  the  differences  should  be  investigated. 

c.  Rebound  Chamber  Design  and  Optiaizatlon 

Adequate  experimental  or  theoretical  data  are  not  available  for  optimizing  the  size  and  number  of  rebound 
orifices  to  be  built  into  a  gear.  Current  models  assime  the  same  flow  characteristics  as  conventional 
damper  orifices,  though  intuitively  one  would  conclude  that  there  are  differences  which  should  be 

recognized  and  accounted  for.  Experimental  determination  of  effective  flow  coefficients  needs  to  be  made, 
since  flap  valve  action  and  subsequent  fluid  flow  cannot  be  relied  upon  to  always  behave  as  anticipated. 

A  series  of  general  flow  experiments  varying  orifice  flow  paths  and  flap  valve  tolerance  in  a  consistent 
and  orderly  manner  v«uld  be  valuable  for  developing  reliable  flow  coefficients.  The  savings  realized 
through  reduced  re-work,  more  accurate  initial  sizing,  and  reduced  test  times  should  repay  research  costs. 


d.  Gas  Solubility  and  Fluid  Mixing 

There  is  no  general  method  yet  available  to  predict  the  degree  and  timing  of  inflation  gas  solubility  and 
the  occasional  sudden  release  fran  solution.  Solubility  might  be  modeled  on  the  basis  of  work  (and  rate) 
input  to  the  gas;  but  detailed  internal  gear  design  may  result  in  variations  from  gear  to  gear.  Careful 
laboratory  experimenting  will  be  required  to  develop  a  generally  applicable  model.  Perhaps  experiments 
could  be  carried  out  with  a  simplified  strut  made  from  hydraulic  cylinders  where  orifices,  fluid  to  gas 
ratios  and  inflation  pressures  could  be  easily  varied.  Results  might  be  more  useful  than  those  aimed 
toward  a  particular  landing  gear. 


8.  CONCLUSIONS  AND  RECOMMENDATIONS 


Development  of  improved  retrofit  landing  gears  for  the  C— 1 30  has  demonstrated  the  practicality  of  modifying 
existing  hardware  to  improve  rough  airfield  performance.  The  unique  opportunity  to  evaluate  both  minor 
internal  modifications  as  well  as  substantial  stroke  length  changes  provides  valuable  guidance  for  making 
tradeoffs  in  cost  vs.  level  of  improvement.  The  roughness  tolerance  increase  for  each  strut  modification 
has  been  quantified  for  comparison  and  technique  demonstration  purposes,  utilizing  one  selected  surface 
roughness  criteria. 

Of  equal  importance,  especially  for  future  landing  gear  design,  was  the  experience  gained  from  the  several 
cycles  of  testing,  analysis,  and  performance  comparisons  of  these  gears.  Efforts  to  refine  the  analytical 
models  for  better  representation  of  gear  response  has  produced  lower  cost  techniques  with  higher  accuracy 
than  previously  available.  Significant  improvements  included  dynamic  variations  in  polytropic  gas 
exponent,  a  fairly  realistic  representation  of  strut  binding,  and  rebound  chamber  hydraulic  damping  with 
allowances  for  flap  valve  sticking.  Analytical  models  of  the  C— 1 30  gears  are  considered  to  be  adequately 
validated  for  parametric  studies  over  other  roughness  criteria. 

Although  these  studies  have  produced  quite  satisfactory  results  for  the  C-130,  it  is  recognized  that  more 
effort  is  needed  to  achieve  a  sound  theoretical  basis  for  application  to  new  gears.  It  is  reccmmended  that 
work  continue  in  the  areas  of  gas  exponent  modeling,  thermodynamic  equations,  binding  friction  from 
structural  deformation,  and  rebound  chamber  fluid  flow  characteristics  with  a  goal  of  calculating  these 
quantities  from  strut  geometry  and  volime  without  relying  exclusively  on  experimental  data  to  provide  the 
necessary  relationships.  This  work  should  encompass  continued  analysis  of  existing  data  for  these  landing 
gears  as  well  as  plans  for  future  general  purpose  landing  gear  testing. 
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(a)  Servicing  on  Jacks  (b)  Servicing  Under  Load 


Figure  2.  Difficulties  in  Servicing  a  Landing  Gear  with 
Gas  Solubility. 


Figure  7. 


Comparison  of  tn»  Standard  and  Extended  Stroke  Mai 
Landing  Gear  . 


Figure  8.  Example  Results  of  stroke  and  Pressure  Measurements 
from  the  have  bounce  Program. 


Extended  Stroke  Main  Gear 


STRUT  STROKE  -  IN. 

Figure  9.  Super ieposed  Theoretical  and 

Test  Preaaure/ Stroke  Relations 
for  the  Standard  C-130  Main  Gear. 


Landing  Rollout. 


IN.  STRUT  STROKE 


Figure  11.  Example  of  Strut  Friction 

during  a  Lateral  Drift  Landing. 


Figure  13.  Example  of  a  Rebound 
Chamber  Pressure  Tap 
Fitt Jng. 


Drop  Test  Setup 
(Main  Gear  Shown) 

(Tests  Were  Or.e  Main  Strut  Only) 


Shaker  Test  Setup 
(Nose  Gear  Shown) 


Figure  12.  Drop  Test  and  Shaker  Test  setups  at  WPAFB  Ohio. 


STRUT  PRESSURE  -  100  LB./IN.‘  HUNDRED  THOUSAND  LB. 


STRUT  LOAD  -  THOUSAND  LB. 


Extended  Stroke  Nose  Gear 


Extended  Stroke  Main  C jar 


TIME  -  SECONDS 


Figure  26.  Individual  Nose  Strut  Load 

Comparisons  Between  Simulation 
and  Test  Result*. 


Figure  27.  Individual  Main  Strut  Load 

Comparisons  Between  Simulation 
and  Test  Results. 
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(Only  Wavelengths  for 
Capability  Study  Shown) 


Figure  28.  MIL-A-8862  Roughness 

Amplitude  vs.  Wavelength. 


Serai -Prepared 
Roughness  Levels 


Simulation  Conditions; 

o  Design  Landing  Weight 
o  Single  Dip 
o  No  Braking 
o  Rigid  Surface 


(a)  Standard 

Landing  Gear 


(b)  Improved  Nose  Gear, 
Standard  Mains 


(c)  Extended  Stroke 
Landing  Gears 
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VELOCITY  AT  ROUGHNESS  ENCOUNTER  -  KNOTS  ROUGHNESS 
•4  „„  „  ,  AMPLITUDE 

Figure  29.  Speed/Wavelength  Limitations  Over  MIL-A-8862  Roughness 
for  Standard,  Improved  Nose/Standard  Main,  and  High 
Sink  Rate  Landing  Gears. 


SIMULATION  NUMERIQUE  DU  COMPORTEMENT 
DYNAMIQUE  DES  ATTERRISSEURS 
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ABSTRACT 


During  the  design  phase,  at  pre-project  step,  there  is  an  increasing  need  for  a 
comprehensive,  integrated  numerical  simulation  tool,  capable  of  providing  the  design 
engineer  with  the  complete  answer  to  his  analysis  problems  :  kinematic,  thermal, 
mechanical,  linear  or  non-linear  (static,  dynamic,  fatigue). 

Numerical  simulation  of  dynamic  behaviour  is  a  priority  area  for  landing  gear,  as 
there  are  many  problems  to  be  solved  (landing  impact,  taxiing  shimmy,  retraction 
and  extension,  active  control,  crash  landing  etc...)  and  they  are  far  from  simple  (non¬ 
linearity,  sometimes  acute,  due  to  large  rotations,  shock  absorber  friction,  hydraulic 
damping  laws,...) 

The  aim  of  the  paper  is  to  describe  the  Messier-Bugatti  analysis  and  numerical 
simulation  system  used  for  solving  landing  gear  dynamics  problems,  which  is  designed 
around  a  finite  elements  software  package  for  the  analysis  of  mechanisms  and 
flexible  bodies. 

The  following  examples  of  applications  are  examined  : 

Simulation  of  landing 

Simulation  of  taxiing  on  rough  fields  or  repaired  runways 
Simulation  of  extension  and  retraction 
Simulation  of  catapulting 
Analysis  of  shimmy  stability. 


RESUME 


Dans  une  approche  rationnelle  de  l’analyse  des  charges  dynamiques  appliquees  au 
train  d'atterrissage,  Messier-Bugatti  a  mis  en  oeuvre  un  outil  de  simulation 
num^rique  construit  autour  d’un  logiciel  Elements  finis  d'analyse  de  syst^mes 
articulfts  flexibles.  Cet  outil  permet  de  rftsoudre  les  problftmes  nombreux  concernant 
les  atterrisseurs  (simulations  de  I'impact  4  l’atterrissage,  appontage  et  catapultage, 
roulage  sur  pistes  saines  ou  sommairement  amftnagftes,  manoeuvres  de  rentr^e/sortie, 
shimmy,  etc...)  et  dftlicats  (non-Iinftaritfts  parfois  aigu#  ). 

Aprfts  une  rapide  description  des  performances  de  ce  logiciel,  diffftrents  exemples 
d  application  sont  examines,  et  l’accent  est  mis  sur  les  correlations  calculs/essais. 


1  -  INTRODUCTION 


Au  stade  de  la  conception,  et  dfts  la  phase  d'avant-projet,  il  est  nftcessaire  de 
disposer  d’un  systftme  complet  et  Intftgrft  de  simulation  numftrique  capable 
d'apporter  ft  1  ingftnieur  la  solution  complete  ft  ses  besoins  d'analyse : 
clnematlque,  mftcanlque  linftaire  ou  non  lineaire  pour  te  dimensionnement  en 
dynamique,  statique,  fatigue  des  structures  d’atterrisseurs,  voire  thermique 
(envlronnement  roue  possedant  un  puits  de  chaleur). 

Messier-Bugatti,  concevant  et  rftalisant  la  chalne  complete  d’ftquipements 
nftcessaires  aux  fonctions  atterrissage  et  freinage  (ft  savotr :  trains 
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<1  atterrissage,  roues  et  freins,  systemes  de  commande  et  regulation  de  frelnage, 
systemes  d'orientation  des  roues,  organes  hydrauliques)  a  done  mis  en  oeuvre 
un  tel  systeme  performant  d’aide  &  la  conception.  En  ce  qui  concerne  plus 
particuiierement  la  simulation  num6rique  du  comportement  dynamique  des 
atterrisseurs,  simulation  complexe  car  presentant  des  non-linearites 
accentuees,  le  caicul  repose  sur  une  methode  aux  elements  finis  d'analyse 
cinematique  et  dynamique  de  systemes  articuies  flexibies. 

Les  developpements  successifs  effectues,  notamment  pour  la  creation  d’une 
bibliotheque  d’eiements  specifiques,  permettent  la  simulation  des  efforts 
appliques  4  la  structure  de  Vatterrisseur  lors  des  phases  d'impact  a 
I’atterrissage,  catapuitage  ou  appontage  sur  porte-avions,  roulage  sur  pistes 
sommairement  amenagees  ou  reparees,  manoeuvres  de  relevage  et  descente, 
freinage  dynamique,  etc... 

De  tels  exemples  d’application  sont  presentes  ci-apres.  Ils  demontrent  que,  pour 
un  cout  de  caicul  raisonnable,  on  peut  acceder  de  fa$on  rationnelle  aux  efforts 
au  sol  et  aux  attaches  tres  tot  dans  ia  phase  de  conception,  pul.-  conduire  des 
analyses  compiementaires  plus  specifiques.  Parmi  ces  deri.-'eres,  nous 
retiendrons  l’analyse  de  la  staoilite  au  shimmy,  ainsi  que  l’etude  de  suspensions 
"intelligentes",  qu’il  s'agisse  d'amortisseurs  k  controle  actif  ou  bien  encore 
d’amortisseurs  du  type  "Jump-strut". 


2  -  L’OUTIL  DE  SIMULATION 


il  repose  sur  le  concept  de  modeiisation  par  elements  finis  applique  aux 
systemes  complexes  flexibies  et  polyarticules,  partant  de  la  methodologie 
employee  dans  les  codes  de  caicul  dynamique  des  structures  par  voie  implicite. 
En  I'occurrence,  le  solveur  est  celui  au  logiciel  MECANO,  module  integre  dans  le 
code  de  caicul  SAMCEF  developpe  par  la  societe  SAMTECH  avec  le  concours  du 
LTAS  de  l'Universite  de  LIEGE  (BELGIQUE). 

II  permet  de  modeiiser  le  comportement  dynamique,  en  presence  de  grandes 
rotations,  de  structures  constituees  de  poutres  deformables  avec  leur  densite, 
de  ressorts  sans  masse,  de  masses  ou  inerties  concentrees  en  un  point,  avec 
toute  une  bibliotheque  d’etemen*'s  de  liaisons  mecaniques  (rotule,  butee  en 
translation,  butee  en  rotation,  gliss'ere,  charniere,  joint  prismatique  ou 
cylindrique,  jeux,  etc...). 


Par  ailleurs.  pour  les  besoins  specifiques  du  train  d'atterrissage,  ont  ete 
developpes  des  elements  speciaux  tels  que  le  verin  hydraulique  ainsi  qu'un 
element  de  liaison  entre  un  pneumatique  flexible  et  le  sol  avec  les  proprietes  de 
mise  en  rotation,  de  ripe  et  ae  freinage. 

Messier-Bugatti  a  developpe  pour  ses  propres  besoins  un  element  utilisateur 
decrivant  I  amortisseur  oleo-pneumatique  monochambre  ou  bichambre,  prenant 
en  compte  les  lois  de  laminage  de  1'huile  en  Kv2,  les  lois  polytropiques  de 
compression  de  l'azote,  les  frottements  de  paliers  et  garnitures  de  l'amortisseur, 
la  compressibilite  de  I’huile,  etc...  La  programmation  de  cet  element  ayant  ete 
faite  au  sein  de  notre  societe,  elle  inclut  de  ce  fait  tout  notre  savoir-faire  en 
matidre  d'amortisseurs  ;  de  plus,  cet  element  peut  aisement  etre  developpe 
pour  prendre  en  compte  de  nouvelles  technologies  d'amortisseurs. 

Ce  logiciel  offre,  comme  fonctionnalite  suppiementaire,  I’utilisation  de  super- 
elements  k  modes  composants  generes  dans  le  module  d'analyse  dynamique 
lineaire,  ce  qui  permet  de  reduire  considerablement  le  nombre  de  degres  de 
liberte  du  modele  tout  en  conservant  une  trds  bonne  precision  pour  le 
comportement  dynamique  des  sous-structures  correspondantes. 

On  peut  traiter  des  systemes  pouvant  comporter  plusieurs  centaines  de  degres 
de  liberte. 

Enfin,  le  schema  d’integration  temporeile  est  une  methode  implicite  du  type 
NEWMARK,  modifle  par  HILBERT,  HUGHES  et  TAYLOR  pour  ameiiorer  la 
stabilite  de  la  procedure  Iterative  par  l’intermediaire  d’un  coefficient 
d’amortissement  numerique  des  composantes  hautes  frequences  (ref.  1).  Sa 
resolution  est  men4e  4  bien  grace  k  la  methode  Iterative  de  NEWTON-RAPHSON. 


3  -  APPLICATIONS  AU  CALCUL  DE  PERFORMANCES  DYNAMIQUES  D'UN 
yTTERRISSEUR 


Comme  indique  precedemment,  la  determination  des  efforts  appliques  au  train 
d’atterrissage  lors  des  cas  d'atterrissage  ou  devolution  au  sol  passe  par  des 
calculs  rationnels,  men^s  le  plus  souvent  sur  un  module  avion  complet  equipe 
de  ses  3  atterrisseurs. 

En  cela.  la  tendance  est  done  d’aller  bien  au-delk  des  exigences  reglementaires 
lorsque  ces  dernieres  n’imposent  que  des  cas  de  charges  forfaitaires. 

Les  exemples  d’applications  qui  suivent,  s’inscrivent  dans  cette  tendance. 


3.1  Simulation  d’lmpact  ft  l’atterrissage 

L’exemple  retenu  est  celui  de  1’atterrisseur  avant  d’un  avion  de  transport, 
type  AIRBUS. 

Cet  exemple  a  ete  choisi  du  fait  de  1’existence  de  courbes  d’essais 
dynamiques  de  certification  effectu^s  sur  cet  atterrisseur,  permettant  une 
verification  calculs-essais.  Pour  cette  raison,  le  modeie  numerique  doit 

firendre  en  compte  tous  les  ensembles  constituant  l'atterrisseur,  avec 
eurs  masses  et  leurs  souplesses,  k  savoir  : 

-  le  caisson 
-  le  tube  tournant 
-  I'amortisseur  et  la  tige  coulissante 
-  le  systdme  de  contreventement 
-  les  roues  et  les  pneumatiques 

La  figure  La  montre  une  vue  du  module  en  position  tout  detendu. 

Le  calcul  presente  correspond  &  un  essai  de  chute  avec  les  parametres 
suivants  : 

-  Vitesse  verticale  V  =  3,04  m/s 

-  Vitesse  horizontal  Vx  =  51,14  m/s,  obtenue  par  une  prerotation 
equivalente  des  roues 
-  assiette  avion  pique  0°40 
-  masse  reduite  Mr  =  12790  kg 

-  force  travaillante  nulle  :  la  portance  equilibre  le  poids  de  l’atterrisseur 
Pour  ce  calcul,  le  pas  de  temps  retenu  est  de  1  ms. 

Les  deux  courbes  de  la  figure  Lb  permettent  de  constater  un  recalage 
satisfaisant  des  efforts  verticaux  entre  l’enregistrement  de  1’essai  et  la 
simulation  de  calcul  equivalente,  compte-tenu  des  nombreux  parametres 
difficiles  A  quantifier  avec  precision  pour  le  calcul  (coefficients 
t  :  _c  f.  .. cements  amorttsseur,  comportement 

global  du  pneumatique,  prindpalement  l’incertitude  sur  le  coefficient  de 
frottement  pneu-sol  dfle  au  depdt  de  gomme  sur  la  table 
dynamometrique). 

En  complement  du  calcul  classique  des  efforts  verticaux,  I'avantage  d'un 
tel  modeie  en  atterrisseur  souple  est  d’obtenir  une  approche  rationnelle 
des  efforts  longitudinaux  du  pnenomdie  de  mise  en  rotation  et  de  retour 
eiastique,  ainsi  que  des  deformations  des  elements  structuraux,  en 
particulier  ceux  constituant  le  contreventement. 


3.2  Simulation  d’appontage  avec  accrochaae  dans  les  brins 

Le  cas  retenu  est  celui  d'un  avion  embarque  se  presentant  &  I’appontage 
dans  un  mouvement  rectiligne  uniforme,  la  crosse  interceptant  un  brin  du 
porte-avions  au  temps  t  =  0  de  la  simulation  . 

Les  conditions  initiales  sont  prindpalement  : 

la  masse  avion,  la  vitesse  verticale  par  rapport  au  pont  Vz,  la  vitesse 
horizontale  par  rapport  4  1’air  Vx,  la  vitesse  d’entrte  dans  les  brins  Veb, 
I’incidence  a  et  1‘assiette  de  presentation  0.  La  loi  de  freinage  dans  les 
brins  est  celle  pr6conis6e  par  la  norme  MlL-STD-2066,  avec  une  distance 
d’arrSt  de  98  m  (loi  pseudo-sinusoldaie  prenant  en  compte  les  oscillations 
du  cable  apr£s  accrochage). 
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Le  module  est  constitu^  (voir  figure  2.  a)  : 

-  de  l’avion  complet  rigide 

-  des  3  atterrisseurs  finement  modelises,  incluant  la  loi  de  mise  en 
rotation  des  pneumatiques 

-  de  la  crosse  d'appontage  et  son  amortisseur  propre 

-  du  cable  d’accrochage 

Le  calcul  tient  compte  de  lois  a^rodynamiques  foumies  par  l’avionneur. 

II  permet,  entre  autres,  la  determination  des  efforts  au  sol  et  dans  les 
amortisseurs  des  3  atterrisseurs,  mais  aussi  les  efforts  dans  I’amortisseur 
de  crosse  et  les  mouvements  de  celle-ci. 

Pour  cette  application,  le  pas  de  temps  a  et£  adapts  k  chacunc  des  phases 
etudtees,  variant  entre  0,5  milliseconae  et  5  millisecondes. 

Nous  presentons  figures  2.b,  2.c  et  2d  quelques  resultats  de  cette 
simulation. 


On  constate  que  : 

Les  atterrisseurs  principaux  impactent  au  temps  t  =  0,27  s. 

L’atterrisseur  auxiliaire  impacte  au  temps  t  =  0,45  s.  D'autre  part,  il  est 
k  noter  que  la  vitesse  d'impact  est  sup^rieure  A  la  vitesse  verticale 
initiale  de  l’avion  du  fait  du  ph6nom£ne  d’abat6e  induite  par  la  vitesse 
angulaire  de  l’avion. 

L’amortisseur  de  crosse  est  sounds  &  de  fortes  oscillations  juste  apres 
l'accrochage  dans  les  brins. 

L'illustration  de  cette  simulation  d’appontage  avec  accrochage  dans  les 
brins  est  fournie  figure  2.e.  pr<§sentant  une  visualisation  du  modele  4  4 
instants  diffirents  : 


-  t  =  0 

-  t  =  0,1  s 

-  t  =  0,3  s 


-  t  =  0,5  s 


accrochage  dans  les  brins 
allongement  du  brin  avant  impact 

impact  sur  les  atterrisseurs  principaux  ;  la  rotation  des 
roues  est  sch#matis£e  par  la  rotation  de  la  croix  plac£e 
au  centre  roue. 

impact  sur  1’atterrisseur  auxiliaire,  avec  mise  en  rotation 
de  la  roue. 


Ce  calcul  a  permis  l’optimisation  des  paramfctres  des  trois  amortisseurs, 
ainsi  que  celui  du  verin/amortisseur  de  crosse,  repondant  ainsi  aux 
specifications  emises  par  1’avionneur. 


3.3  Simulation  de  fin  de  catapultage 


On  considere  cette  fois  le  catapultage  par  I'atterrisseur  avant  d’un  avion 
embarque.  La  loi  d'effort  de  catapultage  est  fix£e  forfaitairement  et  le 
calcul  tient  compte  de  l'application  de  la  pouss6e  moteur  correspondant 
au  plein  gaz  sec,  ainsi  qu’une  loi  de  portance  propre  &  I'avion. 

Comme  pr#c£demment,  le  module  comporte  I’avion  complet  muni  de  ses  3 
atterrisseurs.  De  plus,  I’atterrisseur  auxiliaire  est  6quip£  de  la  barre  de 
catapultage  et  du  m#canisme  qui  en  permet  I’articulation  (ensemble  de 
biellettes,  ressorts  de  rappel,  v^rin  de  manoeuvre). 

A  noter  £galement  que  pour  cette  application,  le  r£glage  de  I’amortisseur 
avant  correspond  &  une  configuration  "train  sauteur  par  un  dispositif 
contrdlant  la  detente  de  celui-ci  tors  de  la  restitution  df£nergie  en  fin  de 
catapultage. 

Pour  ce  calcul,  le  pas  de  temps  a  iti  choisi  constant,  £gal  A  2  ms. 

Au  temps  t  =  0  de  la  simulation,  la  barre  se  dlsolidarise  du  sabot  de 
catapultage,  et  I’amortisseur  commence  k  se  d£tendre. 

Une  vue  g€n£rale  de  I'atterrisseur  est  donnee  figure  S.a.  Le  module  en 
filaire  correspondant  est  donne  figure  S.b. 


Les  figures  S.e  et  3d  decrivent  le  mouvement  de  la  barre  de  catapultage 
et  de  son  mecanisme  associe,  lors  de  la  detente  de  I'amortisseur. 

On  constate  que  la  barre  commence  par  s’incliner  vers  le  bas  relativement 
ft  1’atterrisseur  sous  I’effet  des  charges  d’lnertie,  puis  va  rechercher  sa 
position  d’ftquilibre  sous  Taction  de  ressorts  de  rappel.  Au  temps  t  =  0,42 
secondes,  la  barre  est  en  butfte,  dans  une  position  sensiblement 
perpendiculaire  ft  l’axe  atterrisseur. 

Par  ailleurs,  dans  la  mSme  approche  et  ft  partir  d’une  modelisation 
sensiblement  identique,  cet  outil  nous  a  permis  de  simuler  numeriquement 
la  phase  entiftre  de  catapultage,  depuis  la  mise  en  pression  de  la  catapulte 
et  la  rupture  du  "hold-back",  jusqu'au  decollage  en  sortie  de  pont.  Cette 
simulation  a  permis  la  mise  au  point  et  l'optimisation  des  parametres 
internes  d'un  atterrisseur  de  type  "train  sauteur"  (jump-strut). 


3.4  Simulation  du  relevage  d’un  atterrisseur 


L’exemple  retenu  est  celui  de  l’atterrisseur  avant  de  type  direct  etudie  au 
paragraphe  3.1  dont  on  etudie  ici  le  relevage  dynamique  complet,  depuis 
la  position  verrouiliee  basse  jusqu’ft  la  position  verrouiliee  haute. 

La  modelisation  prend  en  compte  : 

-  La  description  complete  des  differents  constituants  de  l’atterrisseur  : 
caisson,  tige  coulissante,  tube  tournant,  contrefiches  principale  et 
secondaire  avec  leurs  ressorts  de  rappel. 

-  Les  efforts  non  lineaires  engendrfts  par  les  verins  de  manoeuvre  et  de 
deverrouillage,  calcuifts  par  integration  des  equations  reeissent  les 
pressions  des  2  chambres  de  chaque  verin.  Un  element  specifique  "verin 
hydraulique"  a  ete  construit  et  pour  lequel  on  a  modelise  une  loi  de 
"dash-pot". 

-  Les  butees  en  translation  et  en  rotation. 

La  figure  4.a  presente  une  vue  du  modeie  en  position  verrouiliee  train  bas. 
La  pression  du  circuit  hydraulique  est  initialisee  ft  la  pression  de  bache  de 

Au  temps  t  =  0  de  la  simulation,  les  deux  verins  sont  alimentes 
simultanement  par  une  pression  de  206  bars  agissant  sur  leur  chambre  2 
(retraction). 

Les  figures  4.6  et  4.c  presentent  difWrentes  positions  intermediaires  lors 
de  la  manoeuvre  de  relevage,  la  position  train  bas  etant  representee  en 
traits  pointilies. 

A  noter  que  le  pas  de  temps  choisi  pour  la  simulation  est  evolutif :  il 
passe  de  5  millisecondes  en  debut  de  manoeuvre  pour  atteindre 
250  millisecondes  dans  une  phase  ou  les  gradients  sont  moms  prononces. 

La  figure  4.d  presente  revolution  des  pressions  dans  les  chambres  1  et  2 
du  verin  de  manoeuvre. 

Les  gradients  importants  observes  au  temps  t  =  4,2  secondes  proviennent 
de  l’activation  d'un  dash-pot  en  fin  de  course  du  verin,  lorsque  la  distance 
entre  les  points  d’attache  est  rftduite  ft  602  mm. 

Au  temps  t  =  6,3  secondes,  la  contreflche  brisc-use  est  alienee  et 
verrouiliee  par  une  butee  en  rotation.  Les  pressions  se  stabilisent  ft 
206  bars  pour  la  chambre  alimentee  et  ft  10  bars  (pression  de  bftche)  pour 
1'autre  chambre. 

La  figure  4.d  presente  egalement  la  loi  d'effort  developpe  par  le  verin  de 
manoeuvre. 

La  figure  4e  presente  la  variation  de  longueur  du  verin  de  deverrouillage. 
Le  deverrouillage  est  initialise  par  la  retraction  de  ce  verin,  puis  subit  une 
loi  cinematique  non  lineaire. 


Enfin  la  figure  4.e  revele  egalement  ia  loi  d’effort  developpe  par  le  verin 
de  deverrouillage.  La  courbe  presente  plusieurs  paliers  s'amortant  4 
t  =  0,9  seconde,  t  =  2.4  secondes  et  t  =  4  secondes.  11s  correspondent  au 
fait  que  le  vdrin  est  tantdt  moteur,  tantot  resistant  et  de  maniere  k  tenir 
compte  des  effets  de  frottement,  la  force  resultante  est  ponderee  d’un 
coefficient  X,  valant  0,9  dans  ie  cas  moteur  et  1,1  dans  le  cas  resistant. 

Ces  resultats  ont  correie  de  facon  tris  satisfaisante  les  mesures  effectuees 
sur  bati  de  relevage,  puis  lors  des  essais  en  vol. 


3.5  Simulation  du  roulage  d’un  avion  sur  piste  rtoarfe  ou  sommairement 
atndnaflde 


Comrae  indique  precedemment,  un  tel  outil  de  simulation  s’avere 
indispensable  pour  l’etude  et  1'optimisation  de  suspensions  ameiiorees, 
qu'eiles  soient  k  controle  actif  ou  adaptatives  ou  Dien  encore  du  type 
"jump-strut". 

Nous  presentons  k  titre  indicatif,  figures  5. a  et  5.b,  les  efforts  au  sol  issus 
de  simulation  de  roulage  d'un  avion  de  combat  sur  une  piste  comportant  3 
bosses  successives  (reparations  sommaires  type  AM2-MAT)  de  114  mm  de 
hauteur,  puis  sur  une  piste  sommairement  am6nag£e,  dont  le  profit  est  en 
(1-cos)  conformement  a  la  norme  americaine  MIL-A-8863B. 

La  figure  5.c  precise  ces  profils  de  piste.  Le  modeie  est  constitue  de 
I'avion  complet  avec  ses  3  atterrisseurs  dotes  d'amortisseurs  adaptes  a 
cette  configuration  "roulage  sur  mauvais  terrain". 


3.6  Simulat 

ion  du  comi 

Dortement  au  shlmmv  d’un  atterrisseur  avant  d’un 

avion  d 

e  tvi>e  AIRBUS 

Modeiisatlon  par  elements  finis 

Chacune  des  parties  articuie?s  constituant  le  train  est  modeiisee  dans  un 
supereiement  dont  le  nombre  d'eiements  internes  varie  entre  5  et  65  dans 
le  modeie  decrit  en  figure  6.a. 

Le  modeie  presente  ccuuporte  770  ddl  et  inclut  des  verins  amortisseurs 
non  lineaires  (F  =  kVz)  ainsi  que  de  multiples  liaisons  rotules  ou 
charnieres.  Le  pas  de  temps  adopte  pour  les  simulations  presentees  est  de 
5  ms. 


-  Simulation  dun  balourd 

Les  figures  6.b,  6.c  et  6.d  montrent  la  reponse  angulaire  de 
1’atterrisseur  soumis  k  l’effet  d'un  balourd. 

La  figure  6.b  decrit  le  comportement  de  1’atterrisseur  soumis  k  une 
frequence  d’excitation  correspondant  k  sa  frequence  propre  en  torsion. 
Dans  ce  cas,  on  considdre  le  cas  extreme  oCi  I  avion  a  perdu  la  totalite 
du  fiuide  hydraulique  assurant  l'amortissement  anti-shimmy  (K  =  0). 

La  figure  6.c  reprend  le  cas  precedent  pour  un  amortissement  donne, 
non  nul  (K  =  100  000  SI).  On  constate  l’etablissement  rapide  d’une 
solution  stationnaire  (en  0,5  seconde,  la  solution  se  stabilise  a  0,8°). 

Enfin,  la  figure  6.d  illustre  I'effet  d’une  variation  de  vitesse.  Dans  le  cas 
d’une  augmentation  de  25  %  de  la  vitesse  et  bien  que  I'effort  de  balourd 
augmente  de  50  %,  1'amplitude  de  la  reponse  diminue  de  50  %. 


-  Simulation  dun  choc 

La  sollicltatlon  appliquee  dans  la  figure  6.e  est  la  representation  d’un 
choc  applique  sur  l’essieu.  On  peut  noter  le  tr4s  falble  niveau  de  la 
reponse,  du  4  faction  quasi  instantanee  des  verins  amortisseurs  dans 
le  cas  d'une  action  breve. 
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CONCLUSION 


Les  exemples  d'application  citys  prycydemment  ont  prysenty  l’outil  de 
simulation  numerique  et  la  methodologie  employee  chez  Messier-Bugatti  pour  la 
determination  rationnelle  des  performances  dynamiques  d'un  train 
d'atterrissage. 

Malgry  la  complexity  des  problymes  4  rGsoudre  provenant  de  la  non-linearite  du 
systeme  d’yquations  (laminage  d'huile,  frottements  internes  amort isseurs,...)  ce 
logiciel  permet  de  procyder  a  un  trys  grand  nombre  de  simulations  dynamiques 
et  cinymatiques.  4  un  coQt  de  calcul  raisonnable  et  dans  des  delais  compatibles 
avec  la  phase  de  projet  de  tout  nouvel  atterrisseur. 

Par  ailleurs,  cet  outil  s'avyre  indispensable  pour  l’ytude  de  suspensions  4 
technologie  «vancye,  telles  que  suspensions  semi-actives,  compte-tenu  du  tr4s 
grand  nombre  de  param4tres  4  balayer  afin  d’yvaluer  efficacement  le  systyme. 
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Figure  1  b  —  Simulation  d  impact  a  I'atterrissage  comparaison  essai  —  calcul 
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ACCROCHftGE  EN  VOL  AVION  EffiARQUE 

ASSIETTE  TETAO  .  VITESSE  DE  CHUTE  VZO  _  VITESSE  H0RI20NTALE  V» 


Figure  2b  —  Simulation  d'appontage  resultats  atterrisseur  principal 


TFKST  AKJRTISSEUR  MfflJMRE 


Figure  2c  —  Resultats  atterrisseur  auxiliaire 
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ACCfiOCHAGE  EN  VOL  AVION  EPBARQUE 

ASSIET1E  TETAO  .  VITESSE  DE  CHUTE  V20  _  VITESSE  H0RI20NTALE  VXO 


ACCAOCHAGE  EN  VOL  AVION  EfBAAQUE 

ASSIETTE  TETAO  .  VITESSE  DE  CHUTE  YZQ  .  VITESSE  HORI2DNTAIE  VXO 


Figure  ?d  —  Simulation  d'appontage  resultats  amortisseur  de  crosse 


Figure  3d  —  Catapultage  avion  embarque  inclinaison  de  la  barre  par  rapport  a  la  RHF 
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Figure  4a  —  Simulation  de  relevage  d'un  atterrisseur  vue  du  modele  en  position  train  bas 
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Figure  4b 


Figure  4c 


Simulation  du  relevage  d'un  atterrisseur 


Forrr.  produtte  par  It  vtrin  steondairt 
Figure  4e  —  Simulation  du  relevage  d'un  atterrisseur 
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PISTE  REPAREE  3%  H-114  mm  L-12.50  m  S-  10  m 
TRAIN  AUXILIAIRE 
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Figure  5a  —  Simulation  de  roulage  sur  piste  sommairement  reparee 
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Figure  5b  —  Simulation  de  roulage  sur  piste  sommairement  amenagee 
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PISTE  SOMMAIREMENT  AMENAGEE  (3  BOSSES  CONSECUTIVES) 


Figure  5c  —  Simulation  ue  roulage  profils  de  pistes  consideres 
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Figure  6<1 


Calcul  des  interactions  entre  avion  et  trains  d’atterrissage 
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ABSTRACT: 


We  present  the  present  state-of-the-art  for  the 
calculation  of  the  ground  dynamic  response  of  the  aircraft. 

The  analyse  tool  described  below  forms  a  special 
branch  of  the  CATIA-ELFINI  system,  the  general  purpose 
programme  for  CAD  and  structural  analysis  of  DASSAULT. 

The  system  handles  a  large  set  of  problems  for  ground 
dynamic  response,  as:  landing  impact,  rough  runway  rolling  and 
take  off,  catapulting  and  landing  on  carrier  etc.... 

In  these  calculations,  the  structure  is  represented 
by  a  finite  element  model  of  the  whole  aircraft  coupled  with 
models  of  landing  gears,  aerodynamics,  F.C.S.,  and  other 
special  systems  (e.g.  catapult) . 

The  time  integration  is  performed  via  implicite 
finite  differences  scheme. 

The  method  handles  non  linearities  with  three  levels 
of  condensation: 

-  one  time  before  integration,  condensation  of  linear  parts  of 
the  frontier  of  non  linear  systems.  It  concerns  mainly 
stiucture  (dynamic  condensation)  ,  aerodynamic  coupling  and 
FCS . 

-  At  each  time  step  linearisation  of  "smooth  non  linearities" 
(e.g.  large  rotations)  and  condensation  of  the  problem  for 
only  "non  linearzable"  D.O.F.  (as  lamination). 
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-  Resolution  at  each  time  step  of  th.s  few  number  of  "hard" 
non  linear  equations  by  a  special  B.F.G.S.  method. 

With  these  organization  computer  time  gives  the 
possibilities  to  sweep  wide  number  of  configurations  (e.g.  for 
statistical  approach  of  landing  load) . 

We  present  some  significant  types  of  simulation 
stemmed  from  analyses  of  Mirage  III,  Super-Etendard,  Mirage 
2000  and  Rafale. 


1- INTRODUCTION: 


La  reponse  dynamique  de  1' avion  sur  ses  trains 
d'atterrissage  est  un  ph6nomene  complexe  a  simuler  du  fait  du 
caractere  aleatoire  de  nombreux  parametres  corame,  par  exemple, 
les  conditions  initiales,  les  lois  de  frottement,  le  profil  de 
piste  etc. . . 


Une  autre  complexity  resulte  de  la  presence  de 
nombreuses  non-linearit6s  issues  des  grandes  rotations,  du 
contact  avec  le  sol  et  des  comportements  notamment  des 
amortisseurs. 

Les  performances  d'un  outil  de  calcul  doivent  done 
resider  dans  un  traitement  tr6s  efficace  de  ces  non-linearites 
pour  ne  pas  penaliser  les  temps  de  calcul  a  cause  des 
nombreuses  configurations  de  parametres  qu'il  faut  simuler. 

Nous  presentons  les  moyens  sp6cifiques  de  calcul,  le 
programme  FELAND,  developp^s  par  DASSAULT  AVIATION  dans  le 
cadre  de  son  logiciel  de  CAO  et  d'analyse  des  structures 
CATIA/ELFINI .  Ce  programme  est  developpd  depuis  une  vingtaine 
d'ann^es  [ 1] . 

L' accent  est  porty  sur  les  algorithmes  qui 
contribuent  de  fagon  majeure  aux  performances  de  FELAND  et  sur 
la  fagon  efficace  d'intygrer  dans  le  programme  le  modele  de 
calcul  des  efforts  gendraux  de  1 'avion  grace  aux 
fonctionnalltes  de  ELFINI  notamment  au  niveau  de  la 
condensation  dynamique. 

Nous  donnons  quelques  exemples  d'application  de 
FELAND  au  MIRAGE  III,  au  SUPER-ETENDARD,  au  MIRAGE  2000  et  au 
RAFALE. 
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2-  DESCRIPTION  GENERALE  DE  FELAND: 


FELAND  est  le  module  de  ELFINI  qui  calcule  la  rdponse 
dynamique  tridimensionnelle  de  1' avion  au  sol  selon 
1 ' organigramme  presente  planche  1. 

II  permet  de  rdpondre  A  tous  les  problAmes  de 
roulage,  de  virage,  de  ddcollage,  d'atterrissage  et  de 
f reinage  ainsi  que  les  probifemes  d'appontage  et  de  catapultage 
des  avions  marins. 

La  description  du  mouvement  de  1' avion  est 
constamment  rfeactualisfee  dans  le  repfere  Galilfeen  confondu  aux 
axes  de  1 'avion. 

L'avion  est  mod61is6  par  elements  finis.  II  s'agit  en 
pratique  du  module  de  calcul  des  efforts  gdndraux  A  plusieurs 
dizaines  de  milliers  de  degres  de  liberte  (O.D.L.).  Le  module 
du  RAFALE  est  montre  planche  2 . 

L'emploi  des  techniques  de  condensation  permet  de 
r6duire  le  nombre  de  D.D.L.  A  quelques  centaines  ou  quelques 
dizaines. 


Les  trains  d'atterrissage  et  d'autres  systemes 
feventuels  (crosse  d' arret,  catapulte,  holdback  etc..)  sont 
discr6tis6s  par  m6thode  de  Lagrange  et  couples  a  l'avion.  Le 
module  couple  de  la  version  marine  du  RAFALE  au  catapultage 
sur  porte-avions  est  repr6sent6  planche  3. 

La  position  initiale  de  l'avion  au  sol  est  rdalisee 
automat iquement  par  calcul  non-lindaire  utilisant  la  bouclc 
d' integration  dynamique  sans  les  termes  d'inertie. 

L' integration  dynamique  est  mende  par  un  schema 
inconditionnellement  stable.  Les  non-lindarites  douces  (les 
grandes  rotations  par  exemple)  sont  lindarisdes  A  chaque  pas 
de  temps  autour  de  la  position  courante.  Les  non-lindarites 
aigues  (les  amortisseurr )  sont  traitdes  exactement  apres 
condensation  dans  l'espace  de  ces  seuls  degres  de  liberte  non- 
lindaires. 


Le  programme  prend  en  compte  les  ordres  du  pilote 
dventuellement  filtrds  par  des  commandes  de  vol  dlectriques. 

La  memorisation  de  la  solution  en  base  rdduite  A  un 
instant  sdlectionne  permet  ultdrieurement  la  reconstruction 
dans  la  base  elements  finis  de  l'dtat  de  scllicitations  de 
1 'ensemble  de  la  structure.  Le  choi?:  des  instants  de 
selections  est  fait  A  partir  de  1' analyse  du  suivi  dans  le 
temps  de  jauges  temoin. 
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3-  PRINCIPES  THEORIQUES: 


3-1-  MODELISATION  DE  L'AVION: 

3-1-1-  Formulation  dans  la  base  616ments  finis: 

De  fagon  classique  les  Equations  relatives  A  1' avion 
seul  s'Acrivent  aprAs  discretisation  par  elements  finis: 


t  Ma  ] 


dt2 


+  [ 


dX 

J  dtr  +  i 


Ka  ]  X  =  Fa  +  F, 


sys/avion 


relation  dans  laquelle: 


[  Ma  ]  :  est  la  matrice  de  masse 

t  Ca  ]  :  est  la  matrice  d' amort issement 

[  Ka  ]  :  est  la  matrice  de  raideur 

Fsys/jvion  5  est  1' action  des  systemes  sur  1' avion 

(  trains  d'atterrissage,  crosse  etc  ...) 

Fa  :  sont  les  autres  forces  exterieures 
(  poids,  forces  aerodynamiques,  poussee  moteurs  etc...) 


3-1-2-  Technique  de  condensation: 


On  procede  a  une  approximation  des  deplacements  sur 
un  nombre  reduit  de  deformees  fondamentales. 


xa  =  l  <Pa  1  * 

[  in  ]  sont  des  deformees  modales  ou  sous  charges  statiques. 

T  a 

La  base  reduite  est  constituee  en  general  a  partir: 

-  des  modes  rigides  et  de  quelques  dizaines  de  modes  souples 
de  1' avion  dans  une  configuration  de  base, 

-  de  chargements  unitaires  aux  points  de  couplage  avec  les 
systemes. 


-  de  chargements  d'inertie  en  des  points  de  masse  de  carburant 
et  d'emports. 
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En  pratique  deux  bases  rdduites  sont  constituees, 
l'une  en  configuration  de  base  au  ddcollage  et  1' autre  a 
1 ' atterrissage . 

Pour  chacune  de  ces  configurations  sont  construits  le 
cas  de  masse  de  base  et  les  cas  de  masse  de  carburant  et 
d'emports  qui  par  combinaison  permettent  des  variations  de 
masse  et  de  centrage. 

Le  systfeme  d' Equations  s'dcrit  en  base  reduite: 

[  ^  ]  ^  +  [  c,  ]  ft  +  [  ]  x  =  fs  +  fsys/avlon 

avec  : 

[  ]  =  [  tp3  ]T  [  Ma  ]  [  ] 

[  K  ]  =  I  V,  ]T  [  Ka  ]  [  ] 

^a  —  t  fPa  J  ^a  '  ^sys/avjon  ~~  £  ^  ^sys/avlon 

t  ]  d  est  la  restriction  de  [  y  ]  aux  points  de 
couplage  de  1' avion  avec  les  systfimes 

3-2-  MODELXSATION  DES  SYSTEMES: 

Les  syst^mes  sont  discretis^s  par  la  methode  de 
Lagrange  selon  la  description  ddtaillee  dans  la  reference  [1], 

t  Ms  +  t  Cs  +  [  Ks  ]q  =  f,  +  fM  +  ^avlon/sys 

avec: 

fj,,  :  non-linearitees  aigues(  forces  de  laminage  des 
amortisseurs  ) 

3-3-  COUPLAGE: 

ties  degres  q  sont  d^composds  selon  qu'ils  dependent 
ou  non  des  degr4s  avion  x: 
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3<3d 

q^  :  D.D.L.  dependants  de  x  ;  q^  =  [-jjf]  x 
q  :  D.D.L.  independants  de  x 


Par  ailleurs: 


Lsvj»/avlon 


3q.  T 
=  -  [  -33T 


avlon/sys 


Deux  variantes  de  couplage  sont  possibles: 
-  Couplaae  en  raideur: 

En  eliminant  q  ,  les  equations  de  1 'avion  et  des 
<1 

systemes  sont  combinees: 


[  Mk  ]fp  +  I  ck  ]§E  +  t  *UY  =  f>  +  ^  <fs  +  f»> 


avec  Y  = 


Couplage  en  flexibilitfe: 


Les  equations  resultant  de  1 'application  du 
d' integration  sont  de  la  forme: 


[  Kadyn  ]x  =  fadvn  +  f,  +  f 


adyn 


Lsys/avion 


On  les  condense  sur  les  degres  de  couplage  q  : 


q„  -  [  G  ]([§]  (fadyn  +  *a>  ~  * 


avlon/sys 


avec  [  G 
On  elimine  f 


3cl, 


[lifj  C 


ax 


avlon/sys 


d2q  da 

t  +  c  c,  ]al +  t  K<  =  fs  +  f>, 


+  t  G  ]  C-Sjfj  (f3dyn  +  f,l 


schema 
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3-4-  INTEGRATION: 

Le  systeme  d' equations  4  integrer  est  du  second 

degre : 

CM‘]5?+cq]^+CKklY:=F 

L' interpolation  dans  le  temps  de  Y  est  faite  en  3  ou  4  points 
au  moyen  de  fonctions  N,  du  second  ordre: 

L' integration  sur  la  periode  de  temps  d' interpolation 
est  faite  par  methode  des  rdsidus  ponddrds  [2]: 

f  d2N,  dN, 

W(  [  Mk  ]  Y,  +  [  Ck  ]  Y,  +  [  Kk  ]  Y,  N,  )  dt  =  0 


En  pratique  nous  utilisons  la  methode  de  Newmark  en 
limite  de  stability . 


3-5-  RESOLUTION  EXACTE  DES  NON-LINEARITE  AIGUES : 

Les  equations  qui  rdsultent  de  1 'application  du 
schema  d' integration  dans  le  temps  sunt  de  la  forme: 


[  Kdy„  ]  AY  =  F  -  [  V„  ] 

avec : 

[  Kdyn  ]  :  matrice  dynamique  tangente 

AY  :  d6placement  incremental  entre  t-At  and  t 
F  =  f  +  F 

r  r  0  r  4yn 

F0  :  forces  exterieures  autres  que  les  forces  amortisseurs 
Fdyr  :  termes  d'inertie  resultant  du  schema  d ' integration 
dans  le  temps 

[  v„  ]  :  AENFaa  =  [  VM  ]T  AY 

ENFjj,  :  force  et  course  amortisseur 


14-8 


Pseudo-potentiel  des  forces  amortisseurs : 


La  force  de  laminage  de  1 'amortisseur  j  s'ecrit: 
=  sign  (Verify)  Clanij  (VenfMj)2 


avec: 

Clanij  :  le  coefficient  de  laminage  de  1 'amortisseur 
Venf^j  :  la  vitesse  d'enfoncement 

En  appliquant  le  schema  d' integration  dans  le  temps  pour 
exprimer  la  vitesse  d'enfoncement  on  obtient  un  polynome  du 
premier  degre  par  rapport  a  1' increment  de  deplacement: 


F 


am  J 


VenfMj  «  aj  AENFmJ  + 

est  done  un  polynome  du  second  degre  en  aY. 


On  peut  construire  le  pseudo-potentiel  tel  que  F 
qui  est  un  polynome  du  troisieme  degre  en  aY. 


aw3l 


“I  3aERF/x 


Formulation  variationnelle: 

La  solution  AY  rend  minimal  le  potentiel  P(aX)  : 
P (AX)  =  |  AXt  [KdyJ  AX  -  AXr  F  + 

Condensation  sur  les  seuls  deards  non-lindaires: 

Une  condensation  de  Gauss  est  effectuee: : 


M  =  I  Kdyn  ]"'F  -  [  V  J''  C  V«  ]  Faa 


14-9 


Introduisant: 

C  B  ) 

=  t  V«  1T  t  Kdyn 

et 

AENF^ 

=  [  ]T  [  Kdyn 

on  obtient  le  potentiel  A  minimiser  dans  la  base  des  degres 
non-lindaires: 


P(AENFJ>)  =  |  AENFMT  [  B  ]*'  AENF^, 


-  aenf„t 

[ 

B 

]" 

1  AENF^ 

+  ^  AENF 

c 

B 

AENF. 

-  i  FT  [ 

K, 

lyn 

I'1 

F  +  W. 

Mdthode  de  resolution: 

On  utilise  une  methode  iterative  avec  technique  de 
line-search  tres  performante  qui  comprend  a  chaque  iteration: 


-  la  recherche  d'une  direction  de  dascente  V, 

(  Raphson-Newton,  gradient  conjuge  etc...) 

-  la  minimisation  scalaire  du  potentiel  dans  la  direction  V, : 

3P(AENFM  +  pV,)  _ 

3p 

AENF  .  =  AENF„  .  .  +  p 
u  1  am  l-l 


3-6-  MODELISATION  DES  CABLES: 


La  simulation  de  l'arret  uetresse  sur  piste  d'un 
avion  ou  l'appontage  d'un  avion  marin  reguiert  la  modelisation 
d'un  cSble. 

Le  fait  gue  le  c&ble  se  deroule  a  motive  le  choix 
d'une  representation  partiellement  eulerienne  du  cable  plutot 
qu'une  representation  lagrangienne . 

L'etat  du  cSble  en  un  point  est  represente  oar  le 
vecteur  V  d6fini  par: 

V  =  (x,  z,  u,  v,  w,  y r  p)T 
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avec: 

y:  la  coordonnde  d'Euler  selon  l'axe  transversal  a  la 
piste 

x(y,t),  z(y,t):  les  coordonnees  de  Lagrange  longitudinale 
et  verticale 

u(y,t),  v(y,t),  w(y,t)  :  les  vitesses  selon  x,  y,  z 
•y(y,t)  :  l'elongation 
p(y,t)  :  la  masse  lindique 


Equations  d'douilibre: 


aT  ay^ 

3y  3s 


nr 


pg 


avec: 


T(y,t)  :  la  tension  du  cable 
s  :  1'abscisse  curviligne 


=  V 

U,y 

+ 

u 

= 

ry 

=  V 

v.; 

+ 

V 

r* 

=  V 

w.y 

+ 

w 

..  3S  —  -i  v  2  4.  7  2 

M  3y  M  1  x.y  z.y 


Les  trois  Equations  d'eguilibre  s'ecrivent: 


(  mJI  +  *y2  +  )(v  U.y  +  u,  )  = 


T  X 


+  xy  +  z  y 


( 


1  *  X  /  *  ./  )jv  V,  *  v  ,  )  . 


('•I 


i  +  xy  +  z  y 


v  w>y  +  w  ,  +  g) 


+  xy  +  z  y 


T  Z 


\  1  +  x.y2  +z,y2 


(1) 


(2) 


(3) 


■y 
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Conservation  de  la  Masse: 


M(s  +  vdt,  t  +  dt)  asud,  =  M(s,t)  ds, 
d„  =  (p  ,  +  V  M  y)dt  =  p  [  g—  -  1]  (4) 

avec 

(ds,)2  =  (1  +  xy2  +  z  y2)  (dy)2 

(dSU4l)2  =  [(1  +  V.ydt)2  +  (X.y  +  U,ydt)2+  (Zy  +  W  ydt)  2 

Elongation  du  cable: 

Par  definition: 

1  I  (ds,)2  -  (dy)2  1 

y  2  1  (dy)2  ) 

En  dif ferenciant  on  obtient: 

1  +  2(y  +  y  vdt  +  y  dt)  =  ■  (1  +  2y)  (b) 

■y  •'  (ds,)2 


Comportement  elastioue: 

Le  travail  virtuel  des  forces  interieures 
expression: 


8W. 


=  Js  T  6S  =  (  T  ||  dy  =  (  T  g  5y  dy  = 


T  / 


d'o'i  la  tension  de  Kirchhoff  P  du  Ceible: 


T  =  P  «J  1  +  2y  (6) 

avec  pour  loi  de  comportement:  P  =  E  S  y  +  P„ 

P0  est  la  tension  de  Kirchhoff  initiale. 


(dy)2 


a  pour 


2y  6y  dy 
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Svsteme  d' equations  h  resoudre; 

On  dispose  des  deux  equations  suppiementaires 

suivantes : 

x  ,  =  u  -  v  xy  (7) 

z.t  =  w  -  v  z  y  (8) 

Les  huit  relations  rdfdrencdes  prdcddentes  sont  les 
equations  a  resoudre: 


V  ,  =  A  V  +  3  ;  T  =  f  (  y  ) 

A,  B  sont  des  fonctions  des  ddrivees  partielles  dans  l'espace. 


Methode  d' integration: 


Le  schema  d' integration  utilise  est  le  schema 
exp^icite  de  LAX  centre  dans  l'espace  et  decentre  dans  le 
temps : 


.  n  _  v  n 
Y  -  /3XI  "  =  V 1 

•y  ~  [ay/  2Ay 


•l  l  at/ 


3X\  n  _  Xj 


n*l 


2  (Xj.|  “  Xj.,  ) 


At 


La  condition  de  stabilite  est:  (  ^  )  5  -  1 


pc  , 

c  =\  IT  est  la  ceiente  de  l'onde  longitudinale 


Le  pas  d'espace  est  determine  de  fagon  a  restituer 
avec  une  precision  suffisante  la  ceidrite  dec  endes 
longitudinale  et  transversale. 


Le  couplage  du  c&ble  et  de  la  crosse  est  explicite.  A 
chaque  pas  de  temps  les  equations  du  cSble  sont  integrees 
compte  tenu  de  la  position  et  de  la  vitessc  de  l'extrdmite  de 
la  crosse.  II  en  r6sulte  les  efforts  &  appliquer  h  la  crosse 
pour  1' integration  du  mouvement  de  1' avion. 
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4-  EXEMPLES  DUPLICATION: 

4-1-  Roulement  sur  piste  reparde: 


Nous  presentons  planche  4  les  performances  calculees 
du  roulement  du  Mirage  III  sur  un  type  de  piste  r^paree  en 
fonction  de  la  vitesse  de  l1  avion  et  1 'espacement  des 
reparations. 

Ce  r6sultat  est  le  fruit  de  144  simulations  chain6es 
automatiquement  avec  un  temps  de  calcul  total  non  prohibitif 
;  paelques  minutes  sur  ordinateur  IBM  3090). 


4-2-  Impact: 


La  planche  5  il  lustre  le  trfes  bon  niveau  de 
restitution  par  calcul  de  l’effort  d' impact  du  train 
d ' atterrissage  principal  bi-chambre  du  Mirage  2000  compare  au 
resultat  d'essai  de  chute  au  C.E.A.T.. 


4-3-  Appontage  et  catapultage: 


La  version  marine  du  Rafale  a  fait  l'objet  d' etudes 
specifiques  a  cause  des  soil icitations  particuliferes  que  subit 
un  avion  embarqud  sur  porte-avions  notamment  au  cours  de 
1* appontage  et  du  catapultage. 

L'expdrience  acquise  avec  l'Etendard  et  le  Super- 
Etendard  a  constitu6  un  atout  pr6cieux  pour  la  validation  de 
notre  outil  de  calcul  comme  le  montrent  les  comparaisons  de 
calculs  aux  essais  en  vol  qui  figurent  sur  les  planches  5  et 
6. 


A  propos  de  l'appontage  planche  5,  la  roulette  avant 
franchit  un  feu  de  pont  simultanement  a  1' effort  maximum 
d 1  impact . 

Le  cable  d’ arret  est  modal is£  de  fagon  &  reproduire 
finement  la  cin6matique  et  les  efforts  de  la  crosse.  Le 
ddroulement  du  cable  aux  poulies  de  bord  de  pont  est  calcule  a 
chaque  pas  de  temps  de  fagon  4  suivre  la  courbe  d' effort  du 
syst&me  d'arrfit. 

Un  logiciel  d' animations  permet  en  post-processeur 
une  visualisation  sophistiqu^e  des  ph6nomfenes  simulds  (planche 
7)  • 
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En  ce  qui  concerne  le  catapultage,  le  module  de 
calcul  simule  les  phases  de  prdtention  de  la  catapulte,  de 
rupture  de  la  barre  de  retention  (holdback) ,  de  traction  et  de 
sortie  de  pont. 

Sur  la  planche  8  1' avion  se  prdsente  desaxe  sur  la 
catapulte  ce  qui  constitue  un  cas  de  dimensionnement  du  train 
avant  aux  efforts  latdraux. 

Ces  etudes  bdneficient  des  performances  en  temps  de 
calcul  de  notre  outil  ce  qui  permit  de  si^uler  de  nombreuses 
configurations . 


5-  CONCLUSION: 


Nos  caicuis  des  interactions  dynamiques  entre  1' avion 
et  les  trains  d ' atterrissage  sont  completement  integres  au 
modele  de  calcul  des  efforts  gdndraux. 

Grace  a  plusieurs  niveaux  de  condensation  et  un 
traitement  efficacc.  des  non-linearitds ,  les  performances  de 
notre  outil  de  calcul  permettent  d'etudier  de  nombreuses 
configurations  pour  une  approche  statistique  des  efforts. 

Le  developpement  d'une  visualisation  animee 
spohistiqude  des  rdsultats  augmente  la  fiabilite  d'utilisation 
du  logiciel. 
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THE  USE  OF  MONTE  C  ARLO  SIMULATION  IN  DETERMINING  LANDING  GEAR 
LOADS  DURING  LANDING 
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1117  ZJ  Schiphol 
The  Netherlands 


INTRODUCTION. 


Landing  gtar»,  back-up  structures  and  other  major  components  of  the  Fokker  100  aircraf t( 
are  designed  in  agreement  with  the  loading  conditions  as  laid  down  in  JAR  and  FAR 
requirements. Cl  »5] 

The  limit  load  conditions  during  landing  a<  ■  based  on  a  vertical  velocity  of  descent  of 
10  fps  combined  with  a  maximum  landing  weight.,  a  critical  centre  of  gravity  position  and 
a  critical  forward  velocity,  the  ultimate  load  conditions  are  derived  by  applying  a 
factor  of  1.3  to  the  limit  load  conditions. 

The  introduction  of  automatic  landing  systems  on  aircraft  has  led  to  additional 
airworthiness  requ iremen ts ,  which  apply  a  statistical  approach  to  the  loads  as  developed 
during  automatic  landing. 

The  additional  requirements  are  laid  down  in  the  JAR-AWQ.C4] 

The  following  results  and  requirements  are  set  forth* 

.  The  safety  level  in  automatic  landings  may  not  be  less  than 
that  achieved  in  normal  landings. 

.  The  probability  of  exceedance  of  the  sink  rate  for  which  the  aircraft  has  been 
certified  for  structural  loads,  must  bet 

i  10“*  in  average  conditions 

<  io~s  in  limiting  conditions 

.  The  probability  of  exceedance  of  the  lateral  velocity  or  slip- 
angle  associated  with  limit  structural  loads,  must  be: 

<  10”*  in  average  conditions 

i  10”*  in  limiting  conditions 

(A  limiting  condition  means  that  from  all  input  distributions  one  distribution  is  set  at 
a  maximum  value.  In  this  case  the  air  turbulence  distribution  is  set  at  a  maximum  value, 
ref.  C  4  3 ) 

The  JAR-AW0  approach  suggests  that,  for  instance  for  vertical  loading  conditions,  the 
descent  velocity  of  the  aircraft  is  the  determining  quant  ity. 

That  implies  that  if  it  can  be  shown  that  the  probability  of  exceedance,  in  the  sink  rate 
distribution,  of  the  10  fps  point  is  less  then  10“*  (average),  the  limit  loads  in 
vertical  direction  are  exceeded  with  a  probability  which  is  lower  than  once  every  10* 
landings.  So  on  the  base  of  the  sinkrate  distribution  judgement  is  passed  about  the  load 

cases . 

This  is  also  applicable  for  lateral  load  conditions  with  respect  to  the  aircraft  slip- 
angle  (or  lateral  velocity)  distribution. 

From  the  physical  and  statistical  points  of  view  it  is  not  true  ,  however,  that  if  the 
sink-rate  distribution  meets  the  requirements ,  also  the  "corresponding "  load  (case) 
distributions  meet  automatically  these  requirements .  Therefore  in  this  paper  a  more 
direct  approach  is  given  based  on  the  loads  themselves}  in  this  context  the  additional 
requirements  are  rein terpreted  as  follows: 

the  probability  of  exceedance  of 

-  a  limit  load  must  be  <  10-*  in  average  conditions. 

-  an  ultimate  load  must  be  S  10”*  in  limiting  conditions. 

The  static  strength  justification  in  this  paper  is  based  on  three  load  cases,  which  are 
assumed  to  be  representati ve  for  the  landing  gear  and  the  aircraft: 

a)  the  main  and  nose  landing  gear  bending  moments  at  the  lower  bearing. 

b)  shear  force  jump  and  bending  moment  jump  between  front  and  rear  spar 
of  the  fuselage. 

c)  the  side-stay  load  (main  landing  gear  only). 

In  the  future,  however,  the  static  strength  justification  could  be  based  on  more  load 

cases . 

From  these  three  load  cases  only  the  bending  moments  at  the  lownr  bearing  and  the  side- 
stay  loads  shall  be  dealt  with  extensively. 

For  the  sake  of  completeness  the  distr ibut ions  of  loads  of  the  regular  FAR/JAR 
requirements ,  collected  from  the  simulation  runs,  are  also  presented.  (TABLES  XV,  XVI  ar.d 
XVII  ). 

Statistical  information  about  loads  (and  stresses)  in  any  section  of  the  landing  gear  or 
aircraft  can  be  collected  by  means  of  Monte  Carlo  simulation  of  the  landing  process. 

For  this  purpose  the  aircraft  with  full  aerodynamics ,  undercar r iages  and  tyres,  is 
modelled  with  six  degrees  of  freedom.  Control  laws  are  included,  representing  the 
behaviour  of  an  automatic  pilot. 

Windshear  is  ignored  during  the  landing  process. 

Throughout  this  paper  flapsettings  of  respectively  42*  and  23*  are  assumed. 

For  a  detailed  derivation  of  equations  of  motion  reference  is  made  to  [0]. 
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HONTE  CARLO  SIMULATION. 

One  a f  the  most  convenient  methods  for  solving  problems  involving  input  data  with  known 
or  assumed  probability  distributions  is  the  Monte  Carlo  simulation. 

This  method  involves  a  repeated  simulation  process  using  a  randomly  collected  set  of 
input  data,  from  the  probability  distributions,  in  each  simulation  (run). 

A  sample  from  a  Monte  Carlo  simulation  is  similar  to  a  sample  of  experimental 
observations,  therefore  the  results  obtained  by  Monte  Carlo  simulation  may  be  treated 
statistical ly . 


The  first  question  is,  what  number  of  runs  is  required  for  validity'7  Basically  the 
number  of  runs  depends  on  the  risk  level  one  wishes  to  cover.  That  means,  if  acceptable 
risk  levels  are  in  the  order  of  1:10*  a  minimum  of  10*  runs  is  required. 

But  now  a  practical  problem  arises. 

For  this  landing  simulation  one  run  requires  about  5s  CPU  time,  thus  10*  runs  require 
roughly  1400  CPU  hours,  which  is  impractical ly  long. 

So  the  high  number  of  runs  must  be  reduced  to  a  practible  number  of  runs. 

A  widely  accepted  method  is  to  assume  normally  distributed  output  data.  Then,  by  means 
of  the  X* -distribution ,  it  can  be  shown  that  a  number  of  runs  of  1500  is  acceptable. £  7] 
Of  course  with  1500  runs  ,  only  a  statement  about  a  risk  level  of  1:1500  can  be 
substantiated . 

So  if  the  desired  risk  level  is  in  the  order  of  1:10*  one  must  try  to  find  a  possibility 
to  extend  the  probability  of  exceedance  curves  down  to  this  level. 

A  simple  method  is  to  plot  the  probability  of  'exceedance,  on  for  instance  normal  paper, 
and  extend  the  curve  by  "fitting  by  eye"  down  to  the  desired  risk  level. 

In  applying  this  method  one  extrapolates  beyond  the  validity  range  of  the  data  set  and 
(possibly  serious)  errors  can  occur. 

A  better  method  is  to  find  out  which  probability  distribution  is  followed  by  the  output 
quan  t i ty . 

A  wide  scala  of  statistical  methods  is  available  to  test  the  hypothesis  wether  or  not 
data  sets  are  normally,  log-normally  or  otherwise  d  istribu ted . [ 2 ]  If  one  is  able  to 
identify  a  statistical  distribution  which  fits  the  data  well,  it  is  possible  to  read  the 
probability  of  exceedance  plot  at  the  desired  (low)  risk  level.  If  one  is  no*  able  to 
find  such  a  probability  distribution,  there  are  possibilities  to  transform  the  data  to 
new  data  which  hopefully  will  fit  a  known  d istr ibut ion . C 3 3 

Another  method  which  works  reasonable  well  under  certain  cir cumstances  is:  try  to  fit 
only  the  upper  part  of  the  distribution  by  a  known  distribution. 

If  all  the  methods  fail,  only  one  possibility  remains:  " f i t-by -eye" . 

If  it  is  known  that  the  load  (or  stress)  under  consideration  posseses  a  physically  upper 
boundary  below  the  limit  (ultimate)  load,  there  is  no  need  for  extrapolation  to  the  low 
risk  level.  The  load  can  simply  not  exceed  this  value. 

So  a  high  number  of  runs  has  the  advantage  to  make  the  estimation  of  variables  at  low 
risk  levels  more  certain. 

As  allready  mentioned  a  number  of  1500  runs  is  used  in  this  paper . 


In  order  to  reduce  the  amount  of  input  data  for  the  landing  simulations,  some  realistic 
assumptions  are  made: 

-  the  aircraft  lateral  velocity  as  well  as  the  rotational  velocity 
are  zero  at  the  moment  of  touch  down  (t*0). 

-  the  runway  friction  coefficient,  the  airfield  height  and  the  ISA-dev ia tion 
are  not  varied  because  no  realistic  distributions  could  be  found. 

However,  a  m-t,.m=0 .8 ,  an  airfield  height  zero  and  a  ISA  are 

probably  conservative  with  respect  to  the  output  distributions. 

Taking  into  account  these  assumptions,  the  landing  impact  simulations  only  require 
probability  distributions  of  the  following  set  of  input  data: 

-  mass  of  the  aircraft  (GRAPH  I,  TABLE  I) 

-  moments  of  inertia  I,.,  I„  and  1..  (TABLE  I) 

-  centre  of  mass.  (TABLE  I) 

-  aircraft  ground  speed. 

-  aircraft  airspeed. 

-  aircraft  descent  velocity. 

-  aircraft  pitch,  yaw  and  roil  angles. 

Detailed  information  about  the  input  distributions  is  given  in  the  next  chapter. 


INPUT  DATA. 

In  GRAPH  I  a  scatter  plot  of  the  aircraft  mass  versus  the  aircraft  centre  of  mass  is 
given.  The  boundaries  of  the  official  mass  and  centre  of  mass  diagram  for  this  aircraft 
conf iqura t ion  are  indicated. 

The  graph  shows  that  in  4.3V.  (65  out  of  1500)  of  the  landings  an  “overweight'’  landing  is 
assumed . 

In  TABLE  I  relevant  statistical  parameters  of  mass  data  are  summarized  for  different 
flapsettings  and  in  average  and  limiting  conditions. 

In  TABLES  II,  III,  IV  and  V  statistical  parameters  of  airspeed,  groundspeed,  pitch,  yaw 
and  roll  angles  are  presented. 
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VALJ DAI ION_  OF  THE  MODEL. 

The  mathematical  model  of  the  aircraft  landing  process  used  to  get  the  results  given  in 
this  paper,  is  implemented  in  the  computer  program  LANDAU. [8]  This  model  is  validated  by 
examining  the  vertical  and  the  lateral  behaviour  of  the  aircraft. 

The  vertical  behaviour  of  the  aircraft  during  the  landing  process  is  calculated  by  means 
of  a  set  of  equations  which  are  in  agreement  with  the  equations  used  for  the  s-mulation 
of  droptests  and  the  determination  of  the  deterministic  landing  loads. 

The  lateral  behaviour  can  be  checked  by  comparing  measured  loads  and  accelerations  with 
calculated  loads  and  accelerations. 

Comparison  of  measured  and  calcula*  H  loads  show  good  agreement. 

STATIC  STRENGTH  JUSTIFICATION. 

Bending  moments  at  the  main  and  nose  landing  gear  lower  bearings. 

In  GRAPH  II  a  scatter  plot  of  left  versus  right  hand  main  landing  gear  bending  moments 
is  presented  for  S-* i*42*  in  the  limiting  condition. 

By  this  scatterplot  it  is  suggested  that  the  probability  distributions  of  left  and  right 
hand  landing  gear  bending  moments  are  "similar" . 

A  distribution-free  statistical  test  confirms  this  hypothesis  indeed. [2] 

This  is  egually  applicable  to  the  $*i»25#  (average,  limiting)  simulations. 

For  this  reason  the  events  of  left  and  right  hand  main  landing  gear  are  taken  together. 
In  TABLES  VI  and  Vll  statistical  parameters  of  the  bending  moment  distributions  are 
presen  ted . 

Probability  of  exceedance  plots  on  normal  (Gaussian)  paper  (see  GRAPH  III)  show  that  in 
none  of  the  four  cases  the  fit  against  the  normal  distribution  is  acceptable.  (Compare 
the  Anderson-Dar  1  ing  statistic  (AD)  with  the  AD-90'/,  value.  If  AD>AD-90'/.  the  hypothesis 
of  normally  distributed  bending  moments  is  rejected). 

So  "extrapolation"  procedures  (as  mentioned  already  in  the  chapter  Monte  Carlo 
Simulation)  are  examined  . 

Once  it  is  decided  which  "extrapolation"  procedure  is  the  most  valid  one,  it  is  possible 
to  read  the  bending  moment  values,  at  their  desired  risk  levels, from  the  probability 
distribution  plots,  (see  GRAPH  IV  as  an  example). 

These  bending  moment  values  can  then  be  compared  with  the  limit  and  ultimate  bending 
moments  available  from  deterministic  load  calculations. 

The  results  are  summarized  in  TABLE  VIII. 


TABLE  VIII  Main  landing  gear  bending  moments  at  lower  bearing 


6*, 

(d®gr .  ) 

condition 

risk  level 

"extrapolation" 

method 

bend .moment 
value  at 
risk  level 
(Nm) 

1 imi t/ul timate 
bending  moment 
( deterministic ) 
(Nm) 

25 

average 

1 : 10~* 

upper-hal f / lnor 

109000 

130560 

25 

1 imit ing 

i*io-» 

by  eye/ lnor 

<100000 

195841 

42 

average 

i»io-* 

upper-hal f / lnor 

106600 

130560 

42 

1 imiting 

1  * io-® 

bye  eye/lnor 

< 1 50000 

195B41 

A  more  satisfactory  approach  is  to  def ine  an  ultimate  or  limit  load  (or  stress)  by  means 
of  its  value  at  the  desired  risk  level.  This  approach  meets  *ar  more  real  world 
experience  of  people. 

For  the  nose  landing  gear  bending  moment  the  same  methods  and  procedures  are  applicable. 
A  summary  of  the  results  is  presented  in  TABLE  VIIIA.  Statistical  parameters  of  the 
distributions  of  the  nose  landing  gear  bending  moments  are  presented  in  TABLE  IX.  (see 
also  GRAPH  V).  (Although  the  teststatist ic  AD>AD-90'/.,  these  distributions  are  accepted 
because  it  is  the  best  obtainable  result). 


TABLE  VIIIA.  Nose  landing  gear  bending  moments  at  lower  bearing. 


5f  i 

(degr .  ) 

condition 

risk  level 

"extrapolation" 

method 

bend . moment 
value  at 
risk  level 
(Nm) 

1 imi t/ul timate 
bending  moment 
(deterministic) 
(Nm) 

25 

average 

1*10-* 

by  eye/weib. 

<15000 

29070 

25 

1 imiting 

1*10-® 

by  eye/weib. 

< 1 5000 

43616 

42 

average 

1*10“* 

bye  eye/weib. 

<20000 

290  78 

42 

1 imiting 

1*10-® 

upper -half /we i b 

17380 

43616 

Th«  lo.fl  t main  landing  a »»r  only). 

The  side-stay  loads  are  examined  in  the  same  way  as  was  done  before  for  the  bendinQ 
moments . 

It  appears  that  no  known  probability  distribution  fits  well. 

The  results  of  the  “ex trapola t ion"  procedures  are  given  in  TABLE  X. 

A  summary  of  statistical  parameters  is  presented  in  T  .3LES  XI  up  to  XIV  inclusive. 
Conventional  load  cases  distinguish  between  push  and  pull  loads.  So  for  every  set  of 
simulations  ( fi * 4 *25* , 42*  and  average,  limiting)  two  load  distributions  must  be 
investigated . 
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TABLE  X  Main  landi.no  gear  side-stay  loads 


i  oegr .  ) 

condition 

risk  level 

1 imi t/ul t imate 
side-stay  load 
(deterministic ) 
(N) 

1 - 1 

1 - 1 

PULL 


23 

average 

1 : 10-* 

upper -ha 1 f /weib  i 

330000 

778455 

23 

1 imiting 

1 : 10~» 

upper -ha 1 f / wei b 1 

310000 

1167683 

42 

average 

1 i 10~* 

upper-half /weib 

420000 

778455 

42 

limiting 

lilO”® 

by  eye/weib. 

030000 

1167683 

PUSH 

25 

1  average 

1 1  io-*> 

upper — hal f /weib 

423000  1 

468180 

25 

1 imiting 

1* i0-» 

upper -ha 1 f /weib 

3B0000  1 

702282 

42 

average  1 

1 i io-*  1 

upper- hal f /weib | 

440000  1 

468188 

42 

1 imiting 

by  eye/weib. 

700000 

702202 

CONVENTIONAL  LOADCASES. 

For  the  sake  of  completeness  the  parameters  of  the  probability  distr ibutions  of  all 
landing  loadcases  for  6* i«42*  (average  only)  are  presented  in  the  TABLES  XV  up  to  XVII 
inclusive . 

In  TABLE  XVIII  the  cor respond ing  deterministic  JAR/FAR  loadcases  are  given  for 
comparison . 

If  one  tries  to  compare  the  simulated  loadcases  with  the  deterministic  loadcases  a 
problem  arises. 

A  loadcase  is  not  the  load  itself  but  a  combination  of  loads  (and  shockabsorber 
deflection)  which  define  a  certain  situation  as  asked  for  by  JAR/FAR  (the  spin-up  or 
maximum  vertical  reaction  loadcase  for  instance). 

To  compare  loadcases  one  wishes  to  have  the  multidimensional  correlated  probability 
distributions  of  the  relevant  parameters  by  which  the  loadcase  is  defined. 

For  instance  the  spin-up  loadcase  is  defined  by  the  spin-up  (drag)  load  together  with  the 
corresponding  vertical  load  and  shockabsorber  deflection.  Each  of  these  three  parameters 
has  its  own  probability  distribution  and  in  most  cases  these  distr ibutions  are  also 
correlated.  So  a  three  dimensional,  correlated,  probability  distribution  must  be  found 
which  describes  the  probability  distribution  of  the  loadcase. 

In  most  practical  situations  it  is  very  difficult  to  find  such  kind  of  distributions  and 
one  is  forced  to  use  approximation  procedures  to  be  able  to  extrapolate  the 
probability  distribution  to  the  desired  risk  level. 

The  whole  proces  is  a  very  complicated  one  and  in  most  cases  no  probability  distribution 
can  be  found  which  fits  the  loadcase  well.  Also  ex trapol ation  by  means  of  "fitting  by 
eye"  can  not  be  performed  due  to  the  three  dimensional  character  of  the  distribution. 

On  the  other  hand  it  is  sufficient  to  determine  loads  or  stresses  directly  for  any 
particular  section  where  stress  calculations  are  made.  This  makes  at  least  the 
probability  distribution  of  the  determining  load  for  this  section  one  dimensional. 

A  more  direct  approach  is  thus  to  calculate  the  loads  directly  which  are  needed  to  make 
a  stress  calculation  for  a  certain  section  of  the  construct ion . 

From  this  point  of  view  the  whole  concept  of  loadcases  is  superflous  (apart  from 
preliminary  design).. 

Another  point  is  that  nowadays  the  FAR/JAR  loadcases  def ine  the  limit  or  ultimate  loads 
against  the  structure  is  designed. 

It  is,  however,  more  conform  the  daily  reality  to  define  an  ultimate  or  limit  load 
(stress)  by  means  of  its  values  at  the  desired  and  accepted  risk  level. 

eaiiagjL 

It  is  known  that  the  fatigue-damage  of  a  varying  load  depends  primarily  on  the  amplitude, 
the  variation  in  load,  rather  than  the  absolute  load. level  reached.  [6] 

That  means  that  maxima  (or  minima)  of  load  time  histories,  as  collected  from  Monte  Carlo 
simulated  runs,  can  not  be  used  for  fatigue  purposes.  From  the  fatigue  point  of  view  the 
whole  time  history  of  loads  is  of  importance  and  must  be  collected  and  stored  rather  than 
only  the  maxima  (minima)  of  the  time  history. 

If  the  time  history  of  a  varying  load  in  a  section  is  known,  this  time  history  can  be 
analyzed  by  means  of,  for  instance,  a  rainflow  counting  method  [63. 

Due  to  the  computer  storage  capacity  it  is,  however,  not  possible  to  store  the  whole  time 
history  of  every  relevant  load.  An  acceptable  burdening  of  computer  memory  is  obtained 
if  only  a  few  relevant  Fourier  components  of  each  time  history  are  stored. 

Fourier  analysis  of  the  time  history  is  then  performed  by  means  of  a  Fast  Fourier 
Transform  (FFT).  By  means  of  the  inverse  Fourier  transform  the  time  history  can  be 
reconstruc ted  ( approx imately ) . 

All  kinds  of  (rainflow)  counting  methods  can  be  applied  afterwards  to  these  reconstructed 
time  histories. 

Unfortunately  at  the  moment  this  paper  was  written,  no  calculated  data  were  available  so 
no  example  can  be  presented. 
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CONCLUSIONS. 

It  is  parcaivtd  by  the  airworthiness  authorities  that  certif icat ion  of  automatic  landing 
systems  can  only  ba  dona  by  applying  statistical  mathods.  C43 

However,  if  thasa  particular  statistical  raquiramants  ara  satisfied,  thara  is  no 
guarantaa  for  tha  aircraft  manufacturar  that  local  limit  and  ultimata  loads  (strssse*), 
davalopad  during  landing,  occur  at  accaptabla  risk  lavals. 

In  this  paper  another  approach  is  proposed,  which  is  based  on  direct  calculation  of  local 
loads  by  means  of  Monte  Carlo  simulation. 

In  this  context  the  concept  of  load  cases  is  superfluous  (apart  from  preliminary  design). 
Limit  and  ultimata  loads  ara  obtained  by  reading  probability  of  exceedance  distributions 
at  desired  risk  levels. 

Maxima  and  minima  ara  used  for  calculation  of  limit  and  ultimata  loads.  Tha  whole  time 
histories  ara  used  for  tha  calculation  of  fatigue  loads. 
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TABLE  I t  Inertia  data 


1>6 


MASS 

(kg) 

CG 

(7.  MAC) 

i  m 

(kgm* ) 

I, 

(kgm* ) 

1. 

( kgm* ) 

n 

1500 

1300 

1500 

1500 

1500 

n*an 

34113 

20.84 

403425 

1738349 

2018226 

standard  deviation 

2602 

6.146 

157731 

103872 

73192 

6* 

0.011 

0.0046 

0.0003 

0.0125 

0.0011 

6a 

2.4449 

2.3039 

1 . 0683 

1.3742 

2.4450 

•ample  minimum 

28017 

7.050 

227433 

1373866 

1846739 

•ample  maximum 

40661 

34.70 

375000 

1887521 

2202337 

H0>rando«neis  [23 

not 

not 

not 

not 

not 

(significance  level  107.) 

rejected 

rejected 

rejected 

rejected 

rejected 

TABLE  II 


AVERAGE  6f i *42* 

vc*« 

V..Ot-l»stD 

V  DIBCKNT 

PITCH 

ROLL 

YAW 

(m/s) 

(m/s) 

( f  p») 

(degree) 

( degree ) 

(degree) 

n 

1500 

1300 

1500 

1500 

1500 

1500 

mean 

62.186 

59.839 

1.927 

2.739 

-0.016 

-0.064 

standard  deviation 

2.694 

4.135 

0.701 

0.722 

0.743 

1.127 

B* 

0.0056 

0.0002 

2.0225 

0.4683 

0.222 

0.0035 

Da 

2.6844 

3.1104 

7.0279 

3.3810 

3.5795 

7 . 5259 

sample  minimum 

54.331 

43.856 

0.004 

0.100 

-2.700 

-6.800 

sample  maximum 

70.623 

71 . 133 

7.187 

4.800 

2.900 

6.800 

H0 i randomness  [2] 

not 

not 

not 

not 

not 

not 

(sign,  level  107.) 

rejected 

rejected 

rejected 

rej  ected 

rejected 

rejected 

TABLE  III 

LIMITING  6**=42- 

Vc*. 

VanouND 

VoiaciNt 

PITCH 

ROLL 

YAW 

(m/s ) 

(m/s) 

(tp«) 

(degree) 

(degree) 

( degree ) 

n 

1300 

1500 

1500 

1500 

1300 

1500 

mean 

62. 103 

34.361 

3.345 

2.740 

-0.015 

-0.210 

standard  deviation 

3.315 

6.120 

1.423 

1.374 

1.232 

3.789 

0i 

0.0201 

0.5229 

0.0689 

O 

0 . 0004 

0.0030 

6a 

2.9958 

2.9371 

2.7402 

2.8025 

2.2317 

2.6074 

sample  minimum 

32.611 

41.062 

0.158 

-1.200 

-3.800 

-10.500 

sample  maximum 

73.923 

73.607 

8.194 

7.200 

3.300 

11.200 

Ho  *  randomness  [23 

not 

not 

not 

not 

not 

not 

(sign,  level  107.) 

rejected 

rejected 

rejected 

rejected 

rejected 

rejected 

TABLE  IV 

AVERAGE  6 ♦ i »23* 

Vo. 

VawouND 

VotactNY 

PITCH 

ROLL 

YAW 

(m/s) 

( m/s ) 

(  f  ps) 

( degree ) 

( degree ) 

( degree ) 

n 

1300 

1500 

1300 

1300 

1300 

1500 

mean 

67.172 

63.068 

1.523 

3.997 

-0.023 

0.050 

standard  deviation 

2.887 

4.333 

0.772 

0.607 

0.964 

1 . 164 

Bi 

0.0130 

0.0077 

2.4928 

0.3811 

0.0034 

0.0677 

Ba 

2.7199 

2.8881 

7.3897 

3.4892 

3 . 5030 

4.4523 

sample  minimum 

59.518 

49.380 

0.061 

i  .875 

-3.719 

-5.471 

sample  maximum 

76.639 

79.272 

6.424 

5.932 

3.082 

4.356 

Ho (randomness  [2] 

not 

not 

not 

not 

rejected 

rej  ected 

(sign,  level  107.) 

rejected 

rejected 

rejected 

rejected 

TABLE  V 

LIMITING  6  *  »  «23  * 

Vo. 

V  abound 

V  DKCINT 

PITCH 

ROLL 

YAW 

( m/s ) 

(m/s ) 

( t  p«) 

(degree) 

( degree ) 

( degree ) 

n 

1300 

1300 

1300 

1300 

1300 

1500 

mean 

67.137 

39 . 688 

2.969 

4.010 

-0.031 

0.154 

standard  deviation 

3.417 

6.293 

1 .293 

1 .066 

1.499 

3.829 

0 . 0086 

0.4049 

0.0710 

0.0173 

0 . 0064 

0 

B  a 

2.888 

2.8212 

2.5747 

3.04O0 

2 . 1 366 

2.3067 

sample  minimum 

37.474 

43.866 

0.109 

0.948 

-4 . 173 

-10.897 

sample  maximum 

77.739 

80.166 

7.789 

8.304 

3.368 

9.563 

Hoi  randomness  [23 

not 

not 

not 

not 

not 

(sign,  level  107.) 

rejected 

rej  ected 

rej  ected 

rejected 

rejected 
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TABLE  VI t  Bending  moment  at  lending  gear  lower  bearing. 


MAIN  LANDING  GEAR 

AVERAGE 

LIMITING 

6+1  -  23* 

(Nm) 

(Nm) 

(Nm) 

(Nm) 

n 

1474 

1474 

1464 

1464 

mean 

24171 

24264 

28563 

20770 

standard  deviation 

6461 

6441 

5841 

3654 

Bi 

0.1788 

0.1146 

0.0034 

0.0435 

Ba 

3.6213 

3.2921 

3.0331 

3.7946 

sample  minimum 

12465 

12733 

1310B 

13860 

sample  maximum 

59789 

39048 

37249 

30246 

Ho > randomness  [2] 

not 

not 

not 

not 

(significance  level  10'/i) 

rejected 

rejected 

rejected 

rejected 

TABLE  VI 1 1  Bending  moment  at  landing  gear  lower  bearing. 


MAIN  LANDING  GEAR 

AVERAGE 

LIMITING 

6+i  -  42* 

(Nm) 

M™*m  (Nm) 

(Nm) 

(Nm) 

n 

1489 

1489 

1488 

1488 

mean 

26367 

26256 

43843 

45391 

standard  deviation 

6348 

6678 

16106 

13913 

Bi 

0.3903 

0.7748 

1 . 2309 

1.3203 

Ba 

4.4767 

3.8668 

4.4392 

4.7911 

sample  minimum 

13314 

13006 

13319 

14003 

sample  maximum 

60447 

73389 

115267 

124893 

-  •  ■  i"w  O**--  *V  a  *.2] 

not 

not 

not 

not 

(significance  level  107.) 

rejected 

rejected 

rejected 

rejected 

TABLE  IX:  Bending  moment  at  landing  gear  lower  bearing. 


NOSE  LANDING  GEAR 

AVERAGE 

LIMITING 

6+»  -  25* 

6+»  -  42* 

6+x  -  25" 

6+*  -  42« 

n 

1474 

1489 

1464 

I486 

mean 

10514 

11033 

10212 

11460 

standard  deviation 

1011 

1234 

1126 

1222 

Bx 

0.7469 

0.4840 

0.1731 

0.0965 

Ba 

2.9085 

2.9785 

2 . 0939 

4.1586 

sample  minimum 

7376 

6877 

7519 

6584 

sample  maximum 

12631 

15421 

12439 

15170 

H0 : randomness  [2] 

not 

not 

not 

not 

(significance  level  107.) 

rejected 

rejected 

rejected 

rejected 

TABLE  XI i  Side-stay  loads. 


MAIN  LANDING  GEAR 

6+i  -  25*  AVERAGE 

LEFT 

HAND 

RIGHT 

HAND 

PULL  (N) 

PUSH  (N) 

PUSH  (N) 

PULL  (N) 

n 

1448 

1450 

1440 

1450 

mean 

-21607 

20212 

-24393 

24611 

standard  deviation 

32129 

38190 

36241 

32660 

P* 

4.7016 

3.6426 

4 . 3920 

3.0479 

Pa 

9.9631 

7.6123 

9.1009 

6.7280 

sample  minimum 

-302203 

18 

-307664 

18 

sample  maximum 

-B 

263940 

-8 

238853 

Ho » randomness  [2j 

not 

not 

not 

not 

(signif icance  level  107.) 

rejected 

rejected 

rej  acted 

rejected 

TABLE  XII:  Side-stay  loads. 


MAIN  LANDING  GEAR 

6+i  -  25*  LIMITING 

LEFT 

HAND 

RIGHT 

HAND 

PULL  (N) 

PUSH  <N) 

PUSH  (N) 

PULL  (N) 

n 

1388 

1386 

1387 

1306 

mean 

-29342 

40127 

-33459 

32879 

standard  deviation 

39801 

30652 

48231 

41332 

0* 

2.1616 

1.7393 

2.0663 

1.0799 

Ba 

4.3361 

4.0261 

4 . 3006 

4.2871 

sample  minimum 

-213859 

21 

-244236 

21 

sample  maximum 

-7 

247093 

-7 

219233 

H0  *  r andomness  C  2  3 

•  ..j  acted 

not 

r  ejected 

not 

(significance  level  107.) 

rejected 

rejected 

TABLE  XI I  It  Side-stay  loads 
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MAIN  LANDING  GEAR 

»  42*  AVERAGE 

LEFT 

HAND 

RIGHT 

HAND 

PULL  (N) 

PUSH  (N) 

PUSH  (N) 

PULL  (N) 

n 

1419 

1424 

1422 

1424 

mean 

-24594 

30410 

-26889 

27490 

standard  deviation 

36474 

42922 

40704 

37868 

4.7764 

4.4224 

5.4101 

3.6271 

Ba 

9.6935 

9.0407 

10.7391 

7.5401 

sample  minimum 

-334588 

9 

-371147 

9 

sample  maximum 

-23 

337500 

-6 

376144 

Ho  *  randomness  C2] 

not 

not 

not 

not 

(significance  level  107.) 

re j ec ted 

rejected 

rej  ected 

rejected 

TABLE  XIVi  Side-stay  loads. 


MAIN  LANDING  GEAR 

LEFT 

HAND 

RIGHT 

HAND 

6«i  *  42*  LIMITING 

PULL  (N) 

PUSH  (N) 

PUSH  (N) 

PULL  (N) 

n 

1420 

1396 

1420 

1396 

mean 

-86903 

106713 

-98491 

93740 

standard  deviation 

111114 

131116 

126692 

114924 

0i 

1.5715 

1 . 1545 

1.4993 

1.2779 

(3a 

3.5899 

2.983 

3.4239 

3.2251 

samplt?  minimum 

-542359 

10 

-592438 

10 

sample  maximum 

-33 

577567 

-34 

511681 

Hc,  i  randomness  [2] 

not 

not 

not 

not 

(significance  level  107.) 

rejected 

rejected 

rejected 

rejected 

TABLE  XVIII i  Deterministic  JAR/FAR  loadcases. 


CASE 

DESCRIPTION 

Drag 

<N) 

Vertical 

(N) 

Side 

(N) 

S/A  deflection 
(m) 

SPIN-UP  (1) 

(M) 

201576 

232213 

- 

0.085 

SPIN-UP  (2) 

(M) 

237697 

250351 

- 

0.186 

SPIN-UP 

(N) 

67423 

85612 

- 

0.065 

SPRING-BACK 

(M) 

-216791 

219430 

0.183 

SPRING-BACK 

(N! 

-55611 

100477 

0.133 

MVR 

(M) 

72932 

291730 

0.329 

MVR 

(N) 

28042 

112619 

0.201 

LAT .DRIFT! 1 ) (M) 

- 

145865 

♦11692 

-07519 

0.165 

LAT . DRIFT ( 2 ) (M) 

87519 

218790 

±54700 

0.247 

Legends i 


M,N  denotes  that  the  loads  are  applicable  to  the  main  repectively 
nose  landing  gear. 

MVR  denotes  Maximum  Vertical  Reaction. 

Lateral  drift  for  the  nose  landing  gear  is  no  regular  loadcase. 


AVERAGE 


TAB  IF.  XVII 
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DESIGN  LANDING  LOADS  EVALUATION 
BY  DYNAMIC  SIMULATION  OF  FLEXIBLE  AIRCRAr 
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Dipartimenco  di  Ingegneria  Aerospatiale, 
Politecnico  di  Milano,  Milano,  ITALY 

and 

M.BOSCHETTO 

Air  Vehicle  Technology  Department, 
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SUMMARY 

This  paper  presents  some  significant  applications  of  the  integrated  system  GRAALL  (Ground 
Roll  Air  And  Landing  Loads)  to  the  analytical  prediction  of  aircraft  landing  loads 
carried  out  at  Aermacchi. 

The  capabilities  of  the  system,  able  to  treat  both  rigid  and  flexible  models,  make  it  a 
tool  that  can  be  profitably  used  during  different  phases  of  the  design  process. 

The  results  reported  herein  describe  the  whole  development  of  an  actual  design  applica¬ 
tion;  comparisons  between  analytical  and  experimental  data  are  also  provided. 


LIST  OF  SYMBOLS 


Mian 

Wlan 

Vv 

FVs tatic 

FVmax 

Sshabs 

Stire 

Nshabs 

Ntire 

Wnose 

Wmain 

W 

U 

Ki 

K 

Ngear 

Sgear 


design  landing  weigl  :  at  gear 

design  landing  mass  at  gear 

design  vertical  velocity 

vertical  static  load 

maximum  vertical  load 

shock  absorber  stroke 

tire  deflection 

shock  absorber  efficiency 

tire  energy  absorption  efficiency 

design  mass  at  nose  landing  gear 

design  mass  at  main  landing  gear 

aircraft  design  landing  mass 

friction  coefficient 

touch-down  load  factor 

design  load  factor 

landing  gear  efficiency 

wheel  axle  stroke 


INTRODUCTION 

The  need  to  satisfy  more  and  more  demanding  performance  requirements  in  all  operational 
conditions  makes  integration  of  all  design  phases  a  must  for  the  designers  of  modern  and, 
in  particular,  of  innovative  aircraft. 

Landing  gear  design  is  no  exception  in  this  respect.  While  still  giving  due  consideration 
to  the  general  operating  characteristics  of  the  system,  the  landing  gear,  like  any  other 
aircraft  system,  should  nc  be  designed  merely  to  match  the  airframe,  but  together 
with  it,  with  the  aim  of  achieving  the  optimal  solution,  whi’e  the  tendency  is  often  to 
neglect  the  landing  systems  in  the  early  design  process. 

The  assessment  of  the  ground  loads  and  gear  structural  design  are  interacting  activities, 
each  generating  a  mutual  feed-back.  The  interactions  between  aircraft  structure  and 
landing  gear  are  also  very  significant,  and  the  loads  applied  by  the  gear  are  much 
influenced  by  aircraft  elasticity  and  gear  configuration.  It  \s  therefore  essential  to 
consider  all  the  effects  of  structure  elasticity  and  to  keep  updated  the  load 
computational  model. 

The  solution  found  at  Aermacchi,  in  cooperation  with  the  Department  of  Aerospace  Engineer 
ing  of  the  Politecnico  di  Milano,  consists  of  the  system  of  integrated  programs  called 
GRAALL  (Ground  Roll  Air  And  Landing  Loads).  This  system  permits  an  interdisciplinary 
exploitation  of  a  single  data  base  so  that  each  engineering  area  (flight  mechanics,  flut¬ 
ter,  landing  gear,  etc.)  may  profitably  and  timely  use  the  most  up-to-date  and/or  suited 
structural  n.odel. 

The  first  results  obtained  and  a  detailed  description  of  the  analytical  model  are  given 
in  [I]. 

This  paper  provides  a  model  outline  limited  to  the  simulation  of  landing  and  ground 
handling,  and  emphatisea  the  central  role  of  GRAALL  as  effective  working  tool  for 
integrated  landing  gear  design. 


A  set  of  comparisons  between  simulation  and  experimental  data  from  drop  tests  and  landing 
tests  is  also  provided. 


DESIGN  PROBLEMS 


A  possible  flow  chart  of  the  activities  concurring  to  the  full  development  of  design  is 
shown  in  figure  1.  The  flow  lines  are  solid  for  operations  and  dashed  for  design  loops. 
The  preliminary  phase  of  the  study  involves  the  integration  of  the  data  from  the 
most  important  applicable  standards  and  specifications  (MIL,  AVP,  AIR),  and  the  study  of 
the  energies  involved  at  touch-down  according  to  the  well  known  relation  [6]  : 

TIRE  ENERGY  +  SHOCK  ABSORBER  ENERGY  +  STRUCTURE  ENERGY  *  KINETIC  ENERGY 


Repeating  this  computation  for  different  design  assumptions  permits  the  ground  reaction 
behavior  for  changing  shock  absorber  strokes  and  sink  speeds  to  be  assessed. 

The  obtained  charts  also  enable  a  first  evaluation  of  the  parameters  that  concur  in  the 
definition  of  the  design  landing  load.  Figure  2  depicts  a  few  examples  of  how  the 
maximum  vertical  load  changes  with  varying  shock  absorber  strokes  and  sink  speeds. 

Two  methods  may  be  used  to  calculate  the  design  load  in  this  phase: 

A)  the  energy  balance  method;  in  this  case  the  energy  absorbed  by  each  landing  gear  is: 
ENERGY  ABSORBED  =  l/2*Wlan*Vv**2+(Mlan-I if t)*(Sshabs+Stire) 

and  the  maximum  vertical  reaction  is  given  by  the  product  of  static  reaction  by  the 
design  load  factor: 

FVmax  =  FVstatic*K 

at  this  point,  if  the  tire  and  shock  absorber  absorption  efficiency,  drawn  from 
literature  or  previous  experience,  is  used,  it  is  possible  to  write: 

K  =  l/2*Vv**2+( (Mlan-Lift ) /Wlan)* (Sshabs+Stire) 
g* (Nshabs*Sshabs+Nt ire*Stire) 


B)  gear  pertaining  mass  method;  based  on  energy  considerations  and  directions  provided 
by  MIL-A-8862,  mass  can  be  computed  as  follows  (see  fig. 3  for  geometric  parameters): 


Wnose  *  W*(Lm+U*H)/Lt  Bl)  Wheel  spin  up 

Wmain  =  (W-Wnose)/2 

Wnose  *  W*Lm/Lt  B2)  Wheel  spinning  (steady  rate) 

Wmain  =  (W-WNose)/2 

The  maximum  vertical  reaction  will,  therefore,  be  given  by  the  product  of  the  above 
mass  by  the  touch-down  load  factor: 

FVmax  =  Ku*(Want  or.  Wpri) 
where 

Ki  =  Vv**2/ ( 2*g*Ngear*Sgear ) 

After  calculating  the  necessary  terms,  the  design  load  factor  can  be  defined: 

K  =  FVmax/FVsta tic 

The  experience  acquired  so  far  has  demonstrated  that  method  B  is  better  suited  to  this 
phase  of  design,  in  which  the  type  of  the  landing  gear  is  still  undefined. 

At  this  stage,  there  starts  an  iterative  cycle  including  in  the  loop  draftsmen,  system 
and  stress  engineers;  this  aims  at  producing  the  first  hypothesis  of  a  structural  and 
kinematic  solution. 

After  the  system  geometry  and  the  order  of  magnitude  of  the  loads  the  structure  is 
required  to  absorb  are  known,  the  parameters  needed  to  define  the  shock  absorber  model 
are  available.  Obviously,  the  type  of  shock  absorber  depends  not  only  on  the  energy  to  be 
dissipated,  but  also  on  the  landing  gear  configuration  (conventional  design,  leveled 
suspension,  triangulated),  and  the  choice  is  very  frequently  dictated  by  the  need  to 
design  a  retraction  system  compatible  with  the  aircraft  structural  configuration. 

In  this  phase,  however,  the  analysis  should  not  be  confined  to  touch-down,  but  should 
encompass  also  the  aspects  related  to  ground  handling  and  bump  traversal.  This  is  why 
there  is  needed  a  tool  allowing  several  hypotheses  from  the  difr?rent  engineering 
areas  (system  and  stress  engineers,  etc.)  to  be  analyzed,  and  able  to  help  design  the 
shock  absorbers  most  suited  to  the  intended  configuration.  Moreover,  if  it  is  considered 
that  many  of  these  parameters  are  interdependent,  it  becomes  evident  that  the  problem 
to  handle  features  many  variables  and  calls  for  a  flexible  computational  procedure,  i.e. 
a  procedure  that  adapts  to  all  interwoven  problems  and  ensures  the  largest  possible 
integration  of  the  different  engineering  areas.  Failure  to  integrate  would  in  fact  give 
rise  to  subsequent  design  problems  able  to  be  removed  only  through  compromise  solutions 
impairing  aircraft  optimization. 


GRAALL  SYSTEM  (GROUND  ROLL  AIR  AND  LANDING  LOADS) 

GRAALL  system  enables  the  determination  of  the  loads  acting  on  an  aircraft  for  many  types 
of  maneuvers,  taking  into  due  account  the  flexibility  of  the  structure.  It  is  comprised 
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of  several  computer  programs  and  of  the  interfaces  with  some  other  programs  used  at 
Aermacchi  [2,  3  J . 

A  few  characteristics  of  this  method  are  described  hereafter  and  refer  to  touch-down, 
ground  roll  and  taxiing  only. 

GRAALL  system  can  be  divided  into  three  main  portions  (fig.  4); 

-structural  and  aerodynamic  modeling,  accomplished  by  use  of  a  finite  element  program 
(NASTRAN)  (fig.  5)  integrated  with  aerodynamic  derivatives  for  overal  motions  from  an 
existing  data  base; 

-maneuver  simulation,  which  is  performed  through  an  explicit  integration  procedure  based 
on  a  fifth  order  Runge-Kutta  Megson  method  possibly  associated,  in  a  hybrid  formulation, 
to  Newmark's  Beta  method  for  the  structural  part,  both  featuring  automatic  time  step 
control.  Symmetric  and  anti- symmetric  landing  and/or  ground  handling  on  both  smooth  and 
bumpy  runways,  and  in-flight  maneuvers  can  be  simulated; 

-analysis  of  the  results;  different  types  of  printouts  and  plots  can  be  generated,  while 
the  most  significant  parameters  may  also  be  analyzed,  both  versus  time  or  other  quanti¬ 
ties,  in  graphic  form.  Graphic  depictions  of  the  aircraft  motion  can  also  be  obtained, 
which  can  be  used  to  produce  animations  of  the  complete  maneuver. 

The  analytical  model  is  the  result  of  a  hybrid  formulation  of  the  problem,  which  mixes 
static  and  vibration  modal  elements  and  physical  quantities  in  the  description  of  the 
aircraft  motion  that  includes  rigid  motions,  elastic  modes,  landing  gear  linkage  motion 
and  control  surface  motion. 

The  aircraft  rigid  motions  consist,  in  general,  of  the  six  degrees  of  freedom  associated 
to  the  mean  principal  inertia  axes  of  the  aircraft  in  the  examined  configuration. 

The  formulation  permits  large  rotations  to  be  correctly  dealt  with. 

As  far  as  the  elastic  modes  are  concerned,  they  are  considered  as  small  deflections 
adding  up  to  the  rigid  motions;  besides,  they  are  composed  of  a  set  of  natural  vibration 
modes,  orthogonal  to  one  another  and  to  the  rigid  motions  of  the  mean  axes  system,  and  of 
a  set  of  static  deformation  shapes  which,  conversely,  are  neither  orthogonal  to  one 
another  nor  to  the  other  rigid  and  elastic  modes. 

The  choice  of  the  deformation  shapes  is  left  with  the  user.  They  are  introduced  to  speed 
up  convergence  in  particular  as  far  as  the  evaluation  of  stresses  or  internal  forces 
in  presence  of  large  external  loads  [2]  ,  as,  for  example,  the  ground  reactions  on  the 
tires,  is  concerned.  The  difficulty  to  achieve  convergence  to  the  exact  solution  in  the 
modal  approach,  in  particular  when  the  distribution  of  the  loads  in  the  structure  depends 
on  high  frequency  modes  (for  instance,  masses  suspended  under  wing  pylons),  is,  in  fact, 
known. 

On  the  other  hand,  the  modal  formulation  is  the  only  one  to  be  effectively  practicable 
because  of  the  high  number  of  simulations  to  be  accomplished  in  the  design  phases  in 
which  the  procedure  is  used;  and  this  is  even  truer  if  it  is  included  in  an  overall 
optimization  process. 

Both  sets  of  modes  are  normalized  in  amplitude  and  are  determined,  together  with  the  main 
aircraft  characteristics,  through  a  finite  element  model  of  the  examined  configuration 
(extended  landing  gear  and  shock  absorber  compressed  at  intermediate  position). 
The  modal  mass  and  stiffness  matrices  of  the  model  are: 


mtt 

0 

0 

mrr 

0 

IMl  » 

Mw 

Myg 

IK)  » 

K  w  K  vs 

SIM 

Mgg 

SIM 

K  ss 

where  subscripts  mean: 

T:  rigid  translational  degrees  of  freedom 
R;  rigid  rotational  degrees  of  freedom 
V:  natural  vibration  modes 

S:  non-natural  vibration  modes  (static  deformation  shapes) 

If  the  mass  and  stiffness  matrices  of  the  aircraft  model  are  represented  by  and1*  *  , 
and  (tgl  andlty)  represent  the  eigenvector  matrices  including  the  vectors  of  rigid  motions 
and  static  deformation  shapes,  the  modal  base  described  in  (1)  is  determined  through: 


lO  1  -  10  lO  1 

V  8 

(M  1-  («  )T  (  M  1(01 
0 

I  Kl-  (•  1T  l  K  )  I*  ) 

Q 

The  data  base  contains  also  the  information  related  to  the  distribution  of  displacements 
and  internal  forces  and/or  stresses,  corresponding  to  the  modes  lnl+1.  These  matrices 
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will  be  combined  through  participation  coefficients  to  achieve  the  correct  distribution 
of  displacements  and  forces  for  the  considered  maneuver. 

The  data  base  is  completed  by  the  matrices  necessary  for  the  calculation  of  the 
incremental  generalized  aerodynamic  forces  in  a  quasi-steady  formulation  referred  to 
a  trimmed  configuration.  The  coefficients  of  said  matrices  are  obtained  from  processings 
performed  on  the  aerodynamic  model  by  using  MSC/NASTRAN  flutter  procedure  4  ,  as  far  as 

the  terms  involving  elastic  modes  are  concerned,  while  for  aircraft  rigid  body  motions 
use  was  made  of  the  aircraft  aerodynamic  data  base.  Forces  related  to  elastic  modes 
motion  are  normally  utilized  in  the  simulation  of  in-flight  maneuvers,  while  their  poor 
contribution  to  touch-down,  ground  roll  and  ground  handling  response  has  been  verified. 
The  motion  of  the  landing  gear,  outlined  in  figure  6,  accommodates  large  rotations  due  to 
the  particular  type  of  linkage  adopted,  and  is  schematized  through  the  following  indepen¬ 
dent  motions: 

motion  due  to  shock-absorber  stroke  ; 
steeering  motion  'y  ; 
tire  rotation  Q  . 

Rotations  (3  .7,  and  $  ,  which  describe  these  motions  are  dealt  with  as  independent 
degrees  of  freedom  of  the  mechanical  system,  and  are  integrated  with  respect  to  time. 
It  is  worth  pointing  out  that  as  this  description  is  made  with  rotation  axes  and  arm 
dimensions,  it  can  describe  also  very  general  landing  gear  configurations. 

The  shock-absorber  is  oleo-pneumat ic ,  and  details  such  as: 

displacement  of  the  air/oil  separator  piston; 

-  independent  variable  flow  orifice  for  extension  and  retraction  strokes; 

variation  of  the  viscous  coefficient  with  cross-section  ; 
are  considered  [5,  6,  7]. 

The  degree  of  freedom  related  to  the  rotation  of  the  wheel  may  be  integrated  starting 
from  different  initial  conditions  so  that  drop  tests  with  pre-spun  wheel  or  wheel  spin-up 
in  flight,  if  required,  can  be  simulated. 

The  computation  model  of  the  forces  deriving  from  tire  deflection  includes  the  pressure 
variation  effects  and  realistic  models  for  the  evaluation  of  longitudinal  and  side 
friction  [ 8  ] . 

The  possibility  of  moving  the  steering  through  an  open-loop  control  is  provided,  and  so 
is  the  simulation  of  the  control  linkage  chain  through  data  representative  of  its 
compliance  and  damping. 


INTEGRATION  IN  THE  DESIGN  FLOW 

Figure  3  depicts  the  flow  of  activities  needed  to  design  a  landing  gear  system  to  be  in 
turn  integrated  into  the  design  of  the  complete  aircraft,  as  obtained  based  on  the  expe¬ 
rience  acquired  by  AERMACCHI  from  specific  applications  and  studies  in  recent  years. 
The  solid  box  indicates  the  operations  of  the  flow  that  can  be  performed  by  use  of 
GRAALL.  A  few  application  examples,  and  comparisons  with  experimental  data,  where 
available,  will  be  described  hereafter,  following  the  flow  chart. 

The  first  application  of  the  procedure  concerns  the  definition  and  refinement  of  the 
shock  absorber  design  starting  from  the  results  of  the  preliminary  calculations .  In  this 
phase  it  is  expedient  to  simulate  a  landing  gear  drop  test  simply  defining  the  linkage 
kinematic  properties.  The  effectiveness  of  the  tool  allows  oleo-pneumat ic  shock 
absorbers,  with  both  conventional  orifice  and  variable  diameter  metering  pin,  to  be 
studied,  thus  providing  useful  indications  for  improvement  of  their  design. 

When  a  sufficient  shock-absorber  optimization  is  achieved,  the  maximum  vertical  loads 
computed  in  the  first  analysis  can  be  compared  to  those  obtained  with  the  designed  shock 
absorber.  Figure  7  shows  the  comparison  chart. 

After  all  landing  gears  (nose  and  main)  have  been  defined,  GRAALL  can  be  further  used  to 
generate  a  rigid  model  of  the  complete  aircraft.  This  model  makes  it  possible  to  commence 
to  study  the  behavior  of  the  complete  aircraft  in  different  landing  and  ground  handling 
conditions,  and  to  start  analyzing,  in  particular,  the  load  increases  occurring  during 
operations  from  roughly  repaired  runways  or  traversal  of  bumpy  terrain  as  defined  in  the 
applicable  MIL  specification. 

Figure  8  depicts  the  results  of  the  simulation  and  highlights  the  important  role  this 
leading  condition  may  play  in  the  definition  of  the  nose  landing  gear  dimensional 
characteristics.  Note  that,  in  this  simulation,  the  loads  acting  on  the  gears  are 
normalized  with  respect  to  the  corresponding  static  loads. 

Sufficient  information  for  landing  gear  sizing  has  thus  been  collected,  and  it  is  possi¬ 
ble  to  proceed  to  the  examination  of  the  single  gear  drop  tests;  in  this  case,  the  simu¬ 
lated  gears  are  elastic. 

A  comparison  between  the  maximum  vertical  load  of  a  rigid  model  and  that  of  an  elastic 
model  is  shown  in  figure  9,  related  to  two  different  aircraft.  It  is  quite  apparent  that 
if,  as  very  often  happens,  the  loads  obtained  with  the  elastic  model  are  lower,  the 
designer  has  two  additional  options.  That  is,  he  can  choose  to  design  a  structural 
modification  aimed  to  reduce  weight,  or  decide  to  expand  the  landing  gear  envelope. 

The  elastic  model  also  allows  the  assessment  of  the  sensitivity  of  the  drop  test  results 
in  regard  to  stiffness  of  the  landing  gear  attachment  to  the  drop  test  rig,  which  must  be 
representative  of  that  of  the  gear  attachment  to  the  aircraft  (Fig.  10).  This  data  is 
needed  by  the  Experimental  Department  for  test  rig  set-up.  A  comparison  between  the 
results  yielded  by  a  rigid  attachment,  and  by  an  elastic  one, is  illustrated  in  figure  11. 
This  figure  plots  the  curve  of  the  loads  applied  to  a  structural  element,  in  this  case 
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the  drag  brace.  From  the  plot,  it  is  possible  to  observe  that  the  load  on  the  drag  brace 
is  higher  in  the  case  of  an  elastic  attachment. 

Figure  12  shows  some  comparisons  between  the  axial  force  on  a  structural  element  and 
vertical  load,  obtained  from  the  calculations,  and  the  experimental  data  from  the  drop 
tests  of  the  nose  landing  gear.  Figure  13  in  turn  plots  the  simulated  actual  behavior  of 
vertical  loads  versus  shock  absorber  stroke  at  two  different  sinking  speeds,  for  the  main 
landing  gear. 

An  elastic  model  of  the  landing  gear  and  an  elastic  model  of  the  complete  fuselage 
(supplied  by  the  structural  analysis  engineers)  are  available  at  this  point;  this  allows 
a  flexible  model  of  the  complete  aircraft  to  be  prepared,  which  can  be  used  to  analyze 
the  aircraft  behavior  during  different  maneuvers,  and  to  evaluate  the  final  loads. 

Thence,  not  only  the  time  history  of  the  loads  applied  to  the  landing  gear,  but  also  the 
stresses  acting  on  all  the  elements  of  the  complete  aircraft  model  can  be  obtained. 

Figure  14  shows  some  of  the  stresses  affecting  elements  of  the  complete  aircraft 
(fuselage  wings  and  empennages)  at  touch-down  and  during  the  first  instants  of  ground 
roll. 

At  this  stage,  a  comparison  of  the  final  loads  obtained  with  the  complete  aircraft 
elastic  model  with  those  assumed  in  the  preliminary  phase,  may  highlight  the  margins 
available  for  possible  structural  optimizations  or  improvement  of  aircraft  landing  and 
ground  handling  performance  (Fig.  15). 

An  experimental  test  carried  out  on  an  aircraft  with  nose  landing  gear  fitted  with  strain 
gages,  permitted  the  loads  generated  during  and  after  landing  with  brake  application  to 
be  acquired;  then,  through  the  computer  simulation  of  this  landing  it  was  possible  to 
perform  a  comparison  between  the  theoretical  and  experimental  data,  and  to  evaluate  the 
simulation  reliability. 

The  results  of  the  comparison  are  given  in  figures  16  through  18,  that  show  a 
satisfactory  agreement  between  the  numerical  and  experimental  data. 

The  availability  of  the  aircraft  elastic  model  allows  the  simulation  of  entire  landing 
maneuvers,  even  of  those  which  would  be  difficult  to  perform  experimentally  and  a  careful 
evaluation  of  the  extreme  operational  possibilities  without  taking  up  on  the  burden  to 
carry  out  experimental  tests  that  can  be  very  hard  to  set  up  {moreover  the  animation  of 
the  structural  response  can  be  very  useful  in  the  analysis  of  a  large  amount  of  data. 
Figure  19  displays  some  frames  of  the  animation  developed  by  using  GRAALL;  the 
structural  model  has  been  paneled  in  such  a  way  to  pictorially  reproduce  the  actual  shape 
of  the  aircraft;  the  figure  delineates  the  maximum  stroke  condition,  the  deformation  is 
magnified  to  highlight  its  behavior. 

At  this  point,  the  designer  can  verify  whether  there  exist  problems  of  taxiing/ground 
roll  instability,  and  modify  the  stiffness  of  some  components  or  study  additional 
damping  devices,  still  in  the  early  design  phase. 

Fig.  20  shows  the  conditions  for  possible  shimmy  initiation  on  a  conventional  design  land 
ing  gear  due  to  brake  application;  presently  this  condition  cannot  be  fully  investigated 
with  GRAALL  because  the  available  tire  model  is  still  unsuited  to  describe  this 
phenomenon  correctly. 

Eventually,  the  flexibility  of  GRAALL  allows  collateral  problems  to  be  investigated,  such 
as  the  presence  of  overswing  at  touch  down  or  during  ground  roll/taxiing  on  bumpy  or  wavy 
runways  in  the  case  of  aircraft  with  high  aspect  ratio  wings  and/or  carrying  underwing 
stores:  figures  21*22  shows  the  time  histories  of  the  displacement  of  the  extremities  of 
an  underwing  store  at  touch  down  and  bump  traversal  and  the  animation  of  ground 
clearances  during  asymmetric  landing. 


DEVELOPMENTS 

It  is  at  present  envisaged  that  the  developments  of  this  procedure  will  occur  along 
three  main  guidelines: 

-  description  of  tire  strain  through  independent  parameters,  to  correctly  simulate  shimmy 
phenomena; 

-  integration  in  the  structural  optimization  procedure  already  in  use  at  Aermacchi  (3); 

-  implementation  of  an  active  shock  absorber  and  utilization  of  the  integration  procedure 
as  an  analysis  tool  in  the  design  of  the  control  system. 


CONCLUSIONS 

The  experience  gained  with  the  use  of  GRAALL  for  the  evaluation  of  the  landing  and  ground 
handling  loads  proved  that  this  system  is  easy  to  use,  reliable,  and  is  a  flexible  tool 
in  the  hands  of  the  designer.  The  use  of  physical  quantities  in  the  model  contributes  to 
make  this  system  particularly  "user-f riendly" .  The  designer  has  in  fact  in  this  way  an 
immediate  perception  of  the  actual  values  involved,  and  only  minimal  tuning  is  required 
to  achieve  satisfactory  results. 

The  unified  approach  typical  of  this  method  permits  the  same  model  to  be  utilized  for  the 
simulation  of  all  types  of  in-flight  and  ground  maneuvers. 

On  the  other  hand,  a  few  critical  aspects  have  emerged: 

the  estimate  of  structural  damping  to  assign  to  modes:  if  it  is  underestimated,  the 
internal  forces  show  increases  ( decreases  are  noted  if,  conversely,  it  is 
overestimated) ,  while  the  kinematic  terms  and  ground  forces  in  the  response  do  not 
change  significantly; 
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the  selection  of  the  modes  to  keep  in  the  analysis  set:  their  evaluation  as  far  as  the 
participation  coefficients  are  concerned,  is  very  important  for  the  results  it  is 
desired  to  achieve;  these  can,  in  fact,  be  required  in  terms  of  constant  response 
(both  kinematic  or  ground  reaction  forces),  or  in  terms  of  internal  forces. 

Eventually,  GRAALL  proved  to  be  not  only  a  suitable  tool  for  the  determination  of  the 
ground  loads,  but  also  a  simulation  procedure  fit  for  many  other  applications  and  provi¬ 
ding  a  solution  to  many  of  the  problems  related  to  the  study  and  development  of  an  air¬ 
craft  as  far  as  landing,  take-off  and  ground  handling  are  concerned. 
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FIG.  1  •  Landing  system  design  flow 


FIG.  2  -  Parametric  diagrams  for  gear  vertical 
loads  evaluation 
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FIG.  13  -  Shock  absorber  functional  d'^grr.ms  for 

two  different  sinking  speeds,  for  the  main  gear 
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FIG.  1*  -  Non-dlmenslonaJ  loads  In  aircraft 
structural  elements 


FIG.  15  -  Design  limit  loads  verification 
with  simulation  results 


2.5  5.  7.5 

Tint  (SEC) 


NOSE  6EAR 


FIG.  1C  Comparison  between  numerical  and 
experimental  non-dimensional  loads 
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FIG.  18  -  Comparison  between  numerical  and 
experimental  non-dimensional  main 
shock  absorber  stroke 
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FIG.  17  -  Comparison  between  numerical  and 
experimental  non-dimensional  nose 
shock  absorber  stroke 


FIG.  19  -  Sample  frames  of  an  asymmetric  landing 
animation 
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SUMMARY 


Aircraft  dynamic  loads  and  vibrations  resulting  from  landing  impact  and  from  runway  and 

taxiway  unevenness  are  recognized  us  significant  factors  in  causing  fatigue  damage,  dynamic  stress  on 
the  airframe,  crew  and  passenger  discomfort,  and  reduction  of  the  pilot's  ability  to  control  the  aircraft 
during  ground  operations.  One  potential  method  for  improving  operational  characteristics  of  aircraft 
on  the  ground  is  the  application  of  active-control  technology  to  the  landing  gears  to  reduce  ground 
loads  applied  to  the  airframe. 

An  experimental  investigation  was  conducted  on  series-hydraulic  active  control  nose  gear.  The 

experiments  involved  testing  the  gear  in  both  passive  and  active  control  modes.  Resulis  of  this 
investigation  show  that  a  series-hydraulic  active-control  gear  is  feasible  and  that  such  a  gear  is 
effective  in  reducing  the  loads  transmitted  by  the  gear  to  the  airframe  during  ground  operations. 

INTRODUCTION 

Aircraft  dynamic  loads  and  vibrations  resulting  from  landing  impact  and  from  runway  and 

taxiway  unevenness  are  recogmzcd  as  significant  factors  in  causing  fatigue  damage,  dynamic  stress  on 
the  airframe,  crew  and  passenger  discomfort,  and  reduction  of  the  ability  to  control  the  aircraft 

during  ground  operations.  The  ground-induced  structural  vibrations  on  large,  flexible  airplanes  can 
reduce  the  pilot's  capability  to  control  the  airplane  during  high-speed  ground  operations  These 
ground-induced  dynamic  loads  and  vibrations  are  magnified  for  supersonic-cruise  aircraft  because  of 

the  increased  structural  flexibility  inherent  in  these  slender-body.  thin-wing  designs.  Such 
operational  problems  with  supersonic-cruise  airplanes  have  occurred  at  high  take-off  and  landing 
speeds  on  some  runways  which  are  only  marginally  acceptable  for  most  subsonic  commercial 
airplanes.  One  potential  method  for  improving  operational  characteristics  of  such  airplanes  on  the 
ground  is  the  application  of  active-control  technology  to  the  landing  gears  to  reduce  the  ground  loads 
applied  to  the  airframe. 

Previous  analytical  studies  (references  1  and  2)  have  been  conducted  to  determine  the 
feasibility  and  potential  benefits  of  applying  active  load  control  to  the  airplane  main  landing  gear  to 
limit  the  ground  loads  applied  to  the  airframe.  The  results  reported  in  reference  2  indicate  that  a 
shock  strut  incorporating  a  hvd.aulically  controlled  actuator  in  series  with  the  passive  elements  of  a 
conventional  shock  strut  have  acceptable  properties  and  would  be  quite  fcacible  to  implement.  Based 
on  the  results  of  reference  2,  a  modified  version  of  the  series-hydraulic  active  gear  which  eliminated 
the  actuator  and  effected  conuol  by  using  a  servovalve  to  remove  or  add  hydraulic  fluid  to  the  shock- 
strut  piston  (lower  cylinder)  was  analytically  and  experimentally  investigated  in  references  3  through 
6.  Based  on  the  results  described  in  these  references,  the  gear  from  a  F-106B  was  modified  for  drop 
tests.  The  purpose  of  this  paper  is  to  present  the  results  of  passive  and  active  drop  tests  of  the 
F-106B  nose  gear. 


SERIES-HYDRAULIC  ACTIVE-CONTRO„  GEAR 


Control  Concept 

The  series-hydraulic  control  concept  limits  the  gear  force  applied  to  the  airframe  by  regulating 
the  damping  force  (hydraulic  pressure)  in  the  piston  of  the  oleo-pneumatic  shock  strut.  To 
incorporate  this  active  control  concept  into  a  conventional  gear  requires  a  modification  to  the  gear  to 
control  the  flow  of  fluid  in  or  out  of  the  shock-strut  with  a  servovalve.  A  schematic  drawing  of  a 
series-hydraulic  landing  gear  that  has  been  fabricated  to  permit  experimental  verification  of  the 
concept  is  shown  in  figure  1.  The  gear  represented  is  a  simple  generic  oleo-pneumatic  shock  strut 
without  a  metering  pin.  The  control  concept  is  designated  series-hydraulic  because  the  control 
servovalve  is  in  series  with  the  shock-strut  piston  and  hydraulic  fluid  is  removed  from  or  added  to 
the  piston  to  provide  force  regulation. 

The  actual  gear  selected  for  inclusion  of  the  active  control  concept  was  the  nose  gear  of  the 
F-106B  with  no  meteiing  pin.  The  gear  was  modified  to  accommodate  the  control  by  adding  a  three 
tube  arrangement  to  the  orifice  as  shown  in  figure  2.  A  collection  chamber  at  the  top  of  the  3  tubes 
connects  the  fluid  in  the  shock-strut  piston  to  one  side  of  the  secondary  piston.  The  other  side  of  the 
secondary  piston  is  connected  to  the  servovalve.  The  purpose  of  the  secondary  piston  is  to 
mechanically  limit  the  amount  of  fluid  that  can  be  taken  out  or  added  to  the  shock  strut  for  flight 
safety. 

The  control  hardware  required  for  the  active  gear  test  program  included  a  200  GPM  (0.76 
m3/min)  servovalve,  a  low-pressure  (atmospheric)  reservoir,  a  9  GPM  (0.04  m3/min)  hydraulic  pump, 
a  high-pressure  (3000  ps;  (20.7  MPa))  accumulator,  an  electronic  contiollcr,  and  feedback  transducers. 
The  isolation  valve  allowed  isolation  of  the  gear  from  the  control  hardware  to  permit  passive  gear 
testing. 

System  Operation 

System  operation  is  briefly  described  as  follows.  The  electronic  controller  determines  the 
operational  mode  (take-off  or  landing),  and  implements  the  control  laws.  The  control  laws 
programmed  into  the  controller  are  based  on  the  following  logic.  At  touchdown,  the  controller 
receives  a  signal  from  a  transducer  to  measure  the  instantaneous  sink  rate.  Assuming  a  constant 
mass,  ihe  present  energy  is  then  calculated.  An  integration  of  tiie  acceleration  is  also  begun  at  this 
time  so  that  the  gear  upper  mass  velocity  is  known  at  all  subsequent  times.  As  the  gear  compresses, 
the  remaining  work  capability  of  the  shock  strut  is  calculated  using  the  instantaneous  values  of 

acceleration  (or  lorce)  and  stroke  remaining.  This  remaining  work  capability  is  then  compared  with 
the  present  energy  of  the  upper  mass  calculated  using  the  instantaneous  upper  mass  velocity.  When 
the  remaining  work  capability  equals  or  exceeds  the  present  energy  of  the  upper  mass  the  controller 
Stores  in  memory  the  instantaneous  value  of  the  scaled  acceleration  (wing  gear  interface  force)  for  use 
as  the  impact  limit  force  and  activates  the  servovalve  control  loop.  The  controller  attempts  to 

maintain  this  force  by  removal  or  addition  of  hydraulic  fluid  from  or  to  the  oleo-pneumatic  shock 
strut  lower  chamber.  Feedback  from  the  accelerometer  provides  the  controller  with  a  means  of 
determining  the  difference  between  the  present  and  the  desired  force.  The  slope  of  the  accelerometer 
outnut  is  also  used  for  rate  feedback  in  the  control  laws,  so  that  if  the  force  is  not  at  the  proper  level 
but  is  tending  to  return  to  it  on  its  own.  the  magnitude  of  the  servo  command  would  he  reduced  lis¬ 
some  amount.  Likewise,  force  trends  away  from  the  desired  le.cl  provoke  servo  commands  larger 
than  world  be  generated  if  using  force  difference  alone  in  the  control  laws.  When  the  upper  mass 
energy  has  been  dissipated  and  the  sink  velocity  is  nearly  zero,  the  controller  linearly  transitions  the 
impact  limit  force  to  a  value  of  zero  for  rollout  control.  During  rollout  and  taxi  the  controller  maintains 
the  wing-gear  interface  force  within  a  designed  tolerance  (deadband  of  ±1730  lb!  (±7.X  kN)  for  these 
tests)  about  the  static  normal  force.  After  control  initiation  at  touchdown,  the  controller  continuously 

operates  with  a  long-time  constant  (5  seconds)  control  to  return  the  gear  stroke  to  the  designed  static 

equilibrium  position. 


EXPERIMENTAL  INVESTIGATE)!! 


Landing  simulation  tests  (passive  and  active)  with  the  nose  gear  from  a  F-106B  fighter 
interceptor  airplane  (fig.  3)  were  conducted  at  the  NASA  Langley  Research  Center  to  demonstrate  the 
feasibility  ana  the  potential  of  the  active  gear  for  reducing  ground  loads  transmitted  to  the  airframe. 
The  vertical  drop  tests  simulated  touchdown  impact  with  and  without  lift. 

Drop  Tests 

A  photograph  of  the  lest  apparatus  for  conducting  the  vertical  drop  tests  of  the  nose  gear  is 
shown  in  figure  4.  Additional  details  of  the  gear  and  apparatus  are  shown  in  figure  5.  Using  the  drop 
test  apparu.us,  the  nose  gear  was  dropped  vertically  with  simulated  lift  at  4.5  fps  (1.37  m/s)  in  both 
the  pas  ive  and  active  modes.  A  1-g  lift  simulation  was  obtained  by  using  crushablc  aluminum 
honeycomb  to  stop  the  drop  carriage  (upper  mass)  vertical  acceleration.  The  chosen  test  condition  is 
representative  of  the  airplane  being  derotated  at  a  high  pitch  rate.  A  second  test  of  the  gear  was  also 
conducted  at  a  vertical  speed  of  2.5  fps  (0.76  m/s)  without  lift.  Witnout  lift  applied,  vertical  speeds 
higher  than  about  2.5  fps  (0.76  m/s)  would  cause  the  gear  to  bottom  out.  Such  a  drop  test  is 
representative  of  losing  pitch  control  during  derotation. 

A  comparison  of  the  measured  upper  mass  acceleration  for  the  active  versus  passive  gear 
without  lift  is  shown  in  figure  6.  Sigt  ficant  events  such  as  drop  carriage  release,  free  fall,  tire  impact, 
and  control  activation  are  indicated  in  the  figure.  A  47%  decrease  in  upper  mass  acceleration  was 
obtained  with  the  active  control  gear.  The  decrease  in  acceleration  translates  to  a  47%  decrease  in  the 
amplitude  of  forces  transmitted  to  the  airframe.  For  the  2.5  fps  (0.76  m/s)  vertical  drop  without  lift, 
the  passive  gear  stroke  shown  in  figure  7  nearly  bottomed  out;  consequently,  the  active  gear  stroke 
was  essentially  the  same  as  for  the  passive  gear  case.  Upper  mass  acceleration  data  for  a  4.5  fps  (1.37 
m/s)  drop  with  lift  are  shown  in  figure  8.  A  36%  decrease  in  the  transmitted  force  was  obtained  with 
the  active  gear.  As  shown  in  figure  9,  there  was  a  10%  increase  in  the  strut  stroke  associated  with  the 
active  control. 


CONCLUDING  REMARKS 

A  potential  method  for  improving  the  operational  characteristics  of  aircraft  on  the  ground  by  the 
application  of  active-control  technology  to  the  landing  gears  to  reduce  ground  loads  applied  to  the 
airframe  has  been  investigated.  An  experimental  program  was  conducted  on  a  series-hydraulic 
active-control  nose  landing  gear  from  "  F-106B  fighter  interceptor  aircraft  involving  both  passive  and 
active  control  modes.  Results  of  the  investigation  show:  (a)  That  such  a  concept  can  be  achieved 
through  modification  of  existing  hardware,  and  (b)  that  the  concept  is  effective  in  significantly 
reducing  the  loads  transmitted  by  the  gear  to  the  airframe  during  landing  and  ground  operations. 
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Figure  1.  Schematic  of  series-hydraulic  active  control  landing  gear. 
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Figure  4.  Nose  gear  drop  lest  apparatus. 


Figure  5.  Nose  gear  mounted  on  drop  carriage. 
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Strut  stroke, 
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Figure  7.  Comparison  of  passive  and  active  control  strut  stroke  for 

vertical  drop  of  nose  gear  at  2.5  fi/sec  (0.76  m/sec)  without  lift. 
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figure  8.  Comparison  of  passive  and  active  control  accelerations  for 

vertical  drop  of  nose  gear  at  4.S  ft/see  (1.37  m/sec)  with  lift. 


Strut  stroke, 
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figure  9.  Comparison  of  passive  and  active  control  strut  stroke  for 

vertical  drop  of  nose  gear  at  4.5  ft/sec  (1.37  nt/secl  with  lift. 
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Abstract 

An  active  control  undercarriage  for  the  alleviation  of  aircraft  landing  gear  and 
structural  loads  during  operation  on  rough  runway  surfaces  is  described.  For  quantita¬ 
tive  determination  of  the  improvements  obtained  with  an  active  control  undercarriage 
compared  with  conventional  landing  gear  systems,  aircraft  taxiing  is  realistically  simu¬ 
lated  by  means  of  a  laboratory  test  set-up  especially  designed  for  this  kind  of  testing. 


1.  Introduction 

Since  many  years  the  NATO  countries  have  been  concentrating  on  the  problem  of  how  to 
improve  the  capabilities  of  aircraft  to  operate  from  damaged/repaired  runways.  The  back¬ 
ground  and  the  goal  of  the  thus  related  work  is  to  guarantee  the  readiness  of  aircraft 
even  in  the  event  of  an  airfield  attack. 

The  many  investigations  performed  have  indicated  that  among  others  a  considerable 
effort  has  to  be  placed  in  the  development  of  advanced  landing  gear  systems  for  improve¬ 
ment  of  the  aircraft  structural  dynamic  response  behavior  when  taxiing  on  rough  runway 
surfaces.  With  regard  to  the  landing  gear  system  this  especially  implies  to  prevent  the 
bottoming  of  the  struts  when  encountering  a  series  of  discrete  obstacles  located  at 
worst  spacing  conditions  (1J.  It  has  repeatedly  been  shown  -  by  tests  (2J  and  analyses 
[1)  -  that  the  dynamic  landing  gear  and  aircraft  structural  loads  encountered  during  re¬ 
alistic  taxi  phases  on  damaged/repaired  runways  can  significantly  exceed  the  specified 
landing  impact  loads  [3,4,5],  thus  becoming  the  most  critical  ultimate  or  fatigue  land¬ 
ing  gear  design  loads. 

With  regard  to  a  satisfactory  performance  of  aircraft  in  the  case  of  rough  runway 
conditions,  it  is  of  primary  importance  to  design  an  aircraft  which  can  meet  both  the 
landing  impact  and  rough  field  operational  requirements.  Despite  the  partly  conflicting 
landing  gear  design  criteria  resulting  from  the  touchdown  and  taxi  load  cases,  it  will 
always  be  possible  to  reach  a  compromise  when  laying  out  the  undercarriage.  However,  the 
(passive)  landing  gear  construction  obtained  in  this  way  cannot  be  regarded  as  a  minimum 
weight  or  size  design.  This  disadvantage  can  be  avoided  by  fitting  the  undercarriage 
with  an  active  control  system.  An  active  control  undercarriage  can,  to  a  large  extent, 
adapt  a  (conventional )  landing  gear  system  to  the  rough  field  conditions  without  modi¬ 
fying  its  touchdown  impact  characteristics.  Starting  from  a  conventional  layout  of  a 
landing  gear  system,  i.e.  a  passive  undercarriage  design  considering  the  touchdown  im¬ 
pact  as  the  most  critical  design  load  case,  it  will  be  shown  below,  the  extent  to  which 
the  dynamic  landing  gear  and  consequently  the  aircraft  stiuctural  loads  encountered 
during  aircraft  taxi  on  rough  runway  surfaces  can  be  reduced  by  the  implementation  of 
active  control  systems.  Thereby  special  focus  is  pointed  on  the  alleviation  of  the  air¬ 
craft  landing  gear  and  structural  loads  when  taxiing  on  a  minimum  operating  strip  [6]  of 
a  runway  scattered  with  repairs  of  a  significant  height,  e.  g.  a  series  of  AM-2  mats 
[7],  located  at  worst  spacing  conditions. 
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Finally  it  must  be  explicitly  mentioned  that  this  paper  does  not  concentrate  on  the 
task  to  reduce  landing  gear  loads  at  touchdown  by  making  use  of  the  "almost  unlimited" 
possibilities  oiicieu  by  active  control  systems. 

The  basis  of  the  work  described  in  this  paper  haj  been  elaborated  by  the  author  at 
the  DLR-Insti tute  of  Aeroelastici ty  in  Gottingen  (Germany)  as  well  as  at  the  Air  Force 
Flight  Dynamics  Laboratory  at  Wr ight-Patterson  Air  Force  Base  in  Dayton  (Ohio)  and  has 
already  been  partly  published  in  Refs.  [8,9,10]. 


2.  Aircraft  Dynamic  Response  to  Runway  Roughness 

This  chapter  is  intended  to  give  the  reader  a  clear  understanding  of  the  formation 
of  the  dynamic  response  of  aircraft  taxiing  on  rough  runway  surfaces.  It  is  not  the  in¬ 
tention  of  the  author  to  present  here  quantitative  results  from  (complicated)  dynamic 
response  analyses  performed  in  the  time  domain  on  a  nonlinear  multi  degree-of-f reedom 
rigid  body/flexible  aircraft  structural  system  running  over  a  runway  surface  with  a 
random  shaped  roughness  profile.  Detailed  investigations  with  regard  to  the  handling  of 
this  problem  have  been  described  in  (1]  and  [9].  But,  as  was  shown  in  [11],  quite  simple 
analytical  considerations  carried  out  on  a  linear  one  degree-of-f reedom  oscillator  can 
shed  light  on  the  special  dynamic  response  problem  we  have  to  deal  with  here. 

Thus,  according  to  this  simple  mathematical  model,  the  basic  mathematical  considera¬ 
tions  denoted  below  are  based  on  the  following  assumptions: 

a)  The  aircraft  motion  is  restricted  to 
its  rigid  body  heave  degree-of-f ree¬ 
dom  which  is  idealized  by  the  linear 
single  degree-of-f reedom  oscillator 
depicted  in  Figure  1. 


b)  The  stiffness  of  the  (main)  landing 
gear  system  with  its  nonlinear  pol¬ 
ytropic  characteristic  is  linearized 
in  the  static  working  point. 

c)  The  nonlinear  damping  force,  orig¬ 
inally  being  a  quadratic  function  of 
the  velocity  of  the  landing  gear  e- 
longation,  is  assumed  to  be  of  vis¬ 
cous  nature. 

d>  The  stiffness  characteristic  of  the  tire  is  neglected  in  the  calculations.  This  sim¬ 
plification  is  tolerable  in  so  far  that  we  are  primarily  focussing  here  on  the  low 
frequency  range  related  to  the  aircraft  rigid  body  motion  where  the  dynamic  struc¬ 
tural  behavior  of  the  tires  is  of  minor  importance. 

In  the  time  domain  the  equation  of  motion  of  the  oscillator  can  be  formulated  as 
follows : 

(1)  m  h(t)  ♦  d  h(t)  +  c  h(t)  =  d  i(t)  ♦  c  r(t) 


m 


Fig.  1:  One  degree-of-f reedom  oscillator 

taxiing  on  a  rough  runway  surface 


in  Equation  (1),  m  is  the  oscillator  mass,  d  the  viscous  damping  and  c  the  stiffness 
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of  the  landing  gear  strut;  h(t),  li(t),  h(t)  designate  the  vertical  displacement  of  the 
oscillator  mass,  its  velocity  or  acceleration,  respectively;  z(t),  z(t)  characterize  the 
runway  roughness  and  its  derivative  with  respect  to  time  t.  As  shown  in  (llj,  this  equa¬ 
tion  can  be  used  as  a  basis  for  calculating  the  (acceleration)  response  of  the  oscilla¬ 
tor  when  encountering  successive  discrete  runway  disturbances.  The  most  interesting  re¬ 
sult  from  these  investigations  consists  in  the  definition  of  a  factor,  the  so-called 
"bump  multiplier"  ,  which  is  defined  as  follows: 

(2)  MA  *  ^  *  Ei  *  2EACa' 


(3) 

M) 

(5) 


a  being  the  bump  spacing  according  to  Figure  1,  v  the  aircraft  taxi  speed,  C  the  damping 
ratio  (relative  to  the  critical  damping  value  Cc*l)  and  Uq  the  natural  circular  eigen- 
frequency  of  the  oscillator  system.  The  bump  multiplier  defines  the  extent  to  which  a 
second  discrete  disturbance  amplifies  or  attenuates  the  maximum  dynamic  response  of  the 
oscillator  to  the  first  disturbance.  Equation  (2)  is  valid  under  the  assumption  that  the 
two  successive  disturbances  are  of  a  similar  shape. 


Experimental  investigations  (2,12]  have  shown  that  the  definition  of  a  bump  multi¬ 
plier  is  significant  in  that  a  conventional  landing  gear,  primarily  designed  to  absorb 
the  aircraft  kinetic  energy  at  touchdown,  can  pass  discrete  single  obstacles  with  a  sig¬ 
nificant  roughness  amplitude  at  all  taxi  speeds.  But  the  tests  also  revealed  that  the 
aircraft,  due  to  bottoming  of  the  landing  gear  struts,  could  not  traverse  a  series  of 
successive  discrete  obstacles  at  well-defined  "critical"  speeds,  even  in  the  case  that 
the  roughness  level  was  rather  small. 


Figure  2  depicts  the  bump  multi¬ 
plier  M^  as  a  function  of  the  re¬ 
duced  frequency  parameter  <0^.  The 
plot  indicates  that,  in  the  case  of 
a  second  discrete  disturbance,  we 
obtain  a  maximum  response  in  the 
translatory  degree-of-f reedom  of  the 
oscillator  of  interest  when  this 
disturbance  is  located  at  a  critical 
spacing 


V 

(6)  A  =  2k7i  —  ,  (k  =  1,2,3 _ ) 


from  the  first  obstacle.  Minimum  re¬ 
sponse  occurs  if  the  spacing  is 


A  = 


-  1)  IT 


V 


(k  =  1,2,3,...) 


(7) 


(2k 
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LANDING  GEAR  DAMPING  j 


OBSTACLE 


Fiq.  3:  Calculated  dynamic  response  of 

the  one  d.o.f.  oscillator  to  two 
successive  runway  obstacles 


Furthermore  it  is  obvious  that  a 
high  damping  of  the  oscillator  system 
can  considerably  reduce  t*e  Mgh  value* 
of  the  bump  multiplier  in  the  range  of 
-  2kn.  To  further  illustrate  this  dy¬ 
namic  response/obstacle  spacing  interre¬ 
lation,  Figure  3  depicts  the  dynamic  re¬ 
sponse  h  in  the  time  domain  of  the  os¬ 
cillator  to  two  successive  runway  ob¬ 
stacles  at  the  most  and  the  least  criti¬ 
cal  spacing.  Worst  spacing  conditions 
are  characterized  by  the  fa'-t  that  the 
oscillator  hits  the  second  obstacle  when 
its  upward  speed  h(t)  reaches  its  -nuxi- 
mum.  On  the  other  hand  least  critical 
conditions  occur  when  the  second  bump  is 
hit  at  a  moment  of  the  greatest  downward 
speed  of  the  oscillator.  Due  to  the 
higher  damping  value,  the  decay  per  unit 
time  of  the  o&^illator  dynamic  response 
is  more  significant.  This  entails  that, 
in  the  case  of  worst  spacing  conditions, 
the  (initial)  upward  speed  of  a  highly 
damped  oscillator  is  smaller  than  in  the 
case  of  a  system  with  low  damping  when 
encountering  the  second  obstacle  and 
consequently  its  maximum  dynamic  re¬ 
sponse  (to  the  second  obstacle)  will  be 
lowered . 


Application  of  the  results  obtained  from  the  example  of  the  one  degree-of-f reedom 
oscillator  to  the  example  of  a  complete  aircraft  structure,  which  generalized  equations 
of  motion  are  denoted  in  19],  now  leads  to  the  following  statements: 

When  an  aircraft  is  operating  on  rough  surfaces, 

1.  a  high  dynamic  response  in  its  (rigid  body)  degrees-of-f reedom  must  be  expected  when 
the  runway  roughness  exhibits  major  obstacles  which  -  in  connection  with  the  eigen- 
frequencies  of  the  various  eigenmodes  and  a  range  of  defined  taxi  speeds  -  are  lo¬ 
cated  at  critical  spacings  A  as  defined  ^y  Equation  (6), 

2.  the  dynamic  response  in  the  various  eigenmodes  can  be  lessened  by  a  higher  damping 
of  the  undercarriage. 

Operating  aircraft  on  unprepared  runway  surfaces  entails  that  we  do  not  have  any  influ¬ 
ence  on  the  distribution  (e.g.  critical  or  non-critical  spacing)  of  major  obstacles. 
Thus,  according  to  the  definition  of  the  bump  multiplier,  the  only  parameter  we  can  in¬ 
fluence  to  improve  the  operational  capabilities  of  aircraft  on  rough  runway  surfaces  is 
the  damping  of  the  undercarriage. 
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3.  Contradictory  Requirements  for  the  Design  of  Undercarriage 

Aa  mentioned  in  the  forgoing  chapter,  a  high  damping  of  the  lending  gear  system  is 
beneficial  to  the  taxi  capabilities  of  aircraft  when  operating  on  rough  runway/unpre¬ 
pared  surfaces.  High  damping  values,  however,  are  adverse  to  a  satisfactory  design  of 
the  landing  gear  with  regard  to  the  touchdown  impact.  Because  the  touchdown  phase  is  of 
extremely  short  duration,  the  landing  gear  loading,  due  to  the  damping  forces 

(8)  Fd(t)  -  d  •  K(t)  , 

can  reach  extreme  values  in  the  case  of  a  'too)  large  damping  factor  d.  This  also  ap¬ 
plies  to  the  case  when  the  aircraft,  operating  in  its  taxi  mode,  hits  a  high  amplitude 
obstacle  which  has  a  sharp  shoulder,  hence  inducing  a  high  roughness  velocity  z(t)  (see 
Eq.(l)).  Due  to  this  fact  the  damping  of  landing  gear  systems  must  be  kept  small  at 
least  in  the  compression  phase  of  the  shock  absorber.  To  provide,  despite  this  require¬ 
ment,  a  landing  gear  with  good  energy  dissipation  characteristics,  the  practical  design 
of  an  undercarriage  is  achieved  so  that  its  damping  characteristics  vary  during  the  com¬ 
pression  and  recoil  phases.  Real  landing  gear  systems  feature  a  ratio  of  about  20  to  30 
between  their  recoil  and  compression  damping  factors  d____TT  and  d_-M_. 

KLLUIL  COMP 

Beat!  g  in  mind  the  different  curves  for  the  bump  multiplier,  depicted  in  Figure  2, 
it  is  obvious  tha*.  Luis*  small  v*]ue  of  dC0Mp  is  highly  adverse  to  the  dynamic  response 
behavior  of  aircraft  during  iou*h  runway  operations.  In  order  to  realize  both  good 
touchdown  and  rough  runway  perfomance  of  aircraft  undercarriage,  a  landing  gear  system 
must  be  designed  which  features  low  damping  characteristics  in  the  compression  phase 
with  regard  to  the  touchdown  impact  and  the  encounter  of  single  high  amplitude  i sno*. c 
wave)  obstacles  with  a  sharp  shoulder,  and,  in  accordance  with  the  bump  mulitpliar,  high 
damping  characteristics  with  regard  to  the  aircraft's  taxi  capabilities  over  multiple 
(long  wave)  obstacles. 

The  next  chapter  will  show  the  extent  to  which  both  of  these  requirements  can  be 
fulfilled  by  the  implementation  of  active-controlled  systems  into  the  undercarriage. 


4.  Acti ve-Controlled  Landing  Gear 


AIRCRAFT  MASS 


Figure  4  shows  two  different  de¬ 
signs  of  landing  gear  systems.  On  the 
left-hand  side  a  sketch  of  a  conven¬ 
tional  (passive)  one-stage  oleo-pneu- 
matic  shock  aosorber  is  depicted.  The 
right-hand  side  gives  a  schematic 
view  of  an  active-controlled  landing 
gear.  Fitting  the  strut  with  an  elec- 
trohydraulic  servovalve,  hydraulical¬ 
ly  connected  to  the  aircraft  oil 
pressure  and  return  pipes,  allows  hy¬ 
draulic  oil  to  be  added  to  or  removed 
from  the  (upper)  strut  chamber  loca¬ 
ted  between  the  pneumatic  volume  and 
the  damping  valve.  This  sytem  allows 
arbitrary  forces  to  be  produced  in 
the  landing  gear  strut  by  feeding  the 
electrohydraulic  servovalve  with  a  we 


rig •  4 :  Passive  and  active  one-stage 

landing  gear  system  designs 


11-defined  electric  set-point  signal. 
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In  order  to  create  damping  forces 
in  the  active  shock  absorber,  the  sy¬ 
stem  must  be  operated  in  a  closed  con¬ 
trol  loop,  as  depicted  for  instance  in 
Figure  5  in  the  case  of  the  one  degree- 
of-freedom  oscillator.  Thereby  an  acce¬ 
lerometer  detects  the  dynamic  motion  of 
the  (aircraft)  mass.  The  electric  sig¬ 
nal  is  then  fed  through  a  compensation 
network  to  the  elec t rohydraul i c  servo¬ 
valve  which  hydraulically  activates  the 
landing  gear  strut.  The  compensation 
network  can  be  considered  correctly  ad¬ 
justed  with  regard  to  the  creation  of 
damping  forces  if  the  additional  inter¬ 
nal  strut  forces  produced  are  in  phase 
with  the  velocity  of  the  (aircraft) 
mass  on  top  of  the  active  shock  absor¬ 
ber  . 

Operation  of  the  landing  gear  in  a  closed-loop  control  system  allows  a  very  selec¬ 
tive  damping  control  to  be  achieved.  In  order  not  to  increase  the  transient  (short  wa^e ) 
landing  gear  loads  at  touchdown  and  upon  encountering  sharp-edged,  high-amplitude  ob¬ 
stacles,  which  are  characterized  by  a  broad  band  amplitude  spectrum,  a  low-pass  filter¬ 
ing  element  is  included  in  the  compensation  network.  This  precaution  guarantees  that  the 
dynamic  response  of  the  aircraft  in  the  higher  frequency  range  is  not  fed  back  to  the 
servovalve  and  thus  not  affected  by  the  active  control  system.  To  reduce  the  maximum 
val-ts  of  the  bump  multiplier,  extensive  damping  must  be  achieved  in  the  (long  wave) 
frequency  band  adjacent  to  the  rigid  body  heave  frequency  of  the  one  degree-of-f r eedom 
oscillator.  By  the  implementation  of  a  band-pass  filtering  element  into  the  compensation 
network,  a  pronounced  control  can  be  realized  in  this  frequency  range.  Moreover  the 
characteristics  of  this  element  allow  any  long  term  (sensor)  zeroing  errors  in  the  con¬ 
trol  loop  to  be  suppressed. 

Vp  to  this  point  the  active  control  system  for  alleviation  of  the  landing  gear  loads 
has  been  described.  The  operation  of  the  active  shock  absorber,  however,  requires  the 
implementation  of  two  additional  loops  with  regard  to  the  static  control  of  the  landing 
gear  working  point.  This  reference  point  is  characterized  by  the  following  two  parame¬ 
ters:  the  reference  elongation  of  and  the  reference  pressure  in  the  strut.  These  refer¬ 
ence  values  refer  to  the  static  landing  gear  state  with  the  (oscillator)  mass  resting  on 
top  of  the  strut.  Typical  values  for  real  landing  gear  are  in  the  range  of  50  bar  for 
the  pressure  and  0,2  m  for  the  elongation,  if  the  fully  collapsed  strut  position  is  con¬ 
sidered  to  be  the  state  of  zero-elongation. 

The  two  loops  for  achievement  of  the  static  landing  gear  control  are  depicted  in 
Figure  5.  A  low-pass  filtering  element  with  a  very  low  cut-off  frequency  ( f c  <  0.5  Hz) 
is  included  in  both  of  the  loops.  This  element  is  required  to  avoid  any  feedback  from 
the  static  control  loops  in  the  higher  frequency  range,  which  is  intolerable  since  it 
would  cause  an  enormous  stiffening  of  the  strut  (as  in  the  case  of  servocontrolled  ac¬ 
tuator  systems  (13]).  Furthermore  it  is  of  primary  importance  to  provide  the  strut  po¬ 
sitioning  control  loop  with  a  priority  on  the  pressure  feedback  loop.  This  entails  that, 
during  the  take-off-phase,  the  landing  gear  will  remain  in  a  position  adjacent  to  its 
reference  elongation,  even  in  the  case  where  the  landing  gear  loading  is  significantly 
reduced  by  the  aircraft  lifting  forces. 
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Having  explained  the  basic  functioning  of  an  active-controlled  landing  gear  by  means 
cf  che  example  of  the  one  degree-of-f reedom  oscillator  shown  in  Figure  5,  we  can  now 
concentrate  on  the  more  complicated  system  consisting  of  the  entire  aircraft  resting  on 
its  undercarriage.  Figure  6  shows  the  way  in  which  the  overall  rigid  body  dynamic  re¬ 
sponse  behavior  of  aircraft  operating  on  rough  surfaces  can  be  controlled  and  thus  im¬ 
proved  by  a  feedback  of  the  aircraft  vertical/  pitch  and  roll  motions  or  of  the  corre¬ 
sponding  velocities  or  accelerations.  Aircraft  pitch  control  is  achieved  by  a  feedback 
of  the  pitch  motion  to  the  active-controlled  nose  landing  gear.  The  rigid  body  heave 
control  is  realized  by  an  in-phase  activation  of  the  active-controlled  main  landing  gc^r 
struts,  using  the  aircraft  CG  heave  motion  as  a  feedback  control  signal.  Roll  control  is 
achieved  by  a  feedback  of  the  aircraft  roll  motion,  the  signal  of  which,  fed  through  the 
compensation  network,  activates  the  main  landing  gear  struts  by  phase-opposed  signals. 
As  in  the  case  of  the  one  degree-of-f reedom  system,  the  layout  of  the  entire  compensa¬ 
tion  network  can  be  considered  satisfactory,  when  the  additional  dynamic  forces  produced 
by  the  various  feedback  control  loops  in  the  struts  of  the  undercarriage  are  in  phase 
with  the  velocities  of  the  respective  aircraft  motions  they  are  intendea  to  control. 


Fig.  6:  Load  alleviation  system  acting  on  the  aircraft  undercarriage 


The  feedback  loops,  as  depict'  ,n  Figure  6,  were  drawn  based  on  the  assumption  that 
no  major  coupling  exists  between  the  rigid  body  heave  and  pitch  modes.  This  applies  to 
aircraft  loading  configurations  with  a  CG  location  "just"  in  front  of  the  main  undercar¬ 
riage.  In  the  case  that  this  criterion  is  not  fulfilled  it  would  be  beneficial  to  the 
layout  of  the  control  system  that  the  resulting  structural  coupling  effects  be  accounted 
for  by  an  additional  feedback  of  the  pitch  motion  to  the  main  undercarriage  and  of  the 
heave  motion  to  the  nose  landing  gear. 


5.  Analytical  Investigations 

To  determine  the  possibilities  and  limitations  in  connection  with  equipping  aircraft 
with  an  active-controlled  undercarriage,  extensive  analytical  investigations  were  per- 


formed  on  a  defined  configuration  of  the  advanced  Eur-\  an  tighter  Aircraft  ( EFA ) .  The 
calculations  considered  the  coupled  heave  and  pitch  degrees-of-f reedoo  (Figure  7 )  of  the 
longitudinal  aircraft  motion  and  were  taking  into  account  the  nonlinear  behavior  of  the 
(two-stage)  landing  gear  system  by  means  of  linearization  techniques  114). 


Fig.  7:  Mathematical  model  for  determination  of  the  aircraft 

dynamic  response  to  runway  roughness 


With  regard  to  the  bump  multiplier,  the  results  indicated  a  reduction  in  the  range 
of  41%  for  the  aircraft  pitch  motion  and  of  37%  for  the  aircraft  heave  motion.  A  further 
result  is  indicated  in  Figure  8,  which  depicts  the  dynamic  response  of  the  aircraft 
pitch  and  heave  motions  to  a  harmonic  vertical  excitation  at  its  nose  and  main  gear 
wheels,  respectively.  The  plotted  curves  clearly  indicate  the  h;gher  damping  of  the  un¬ 
dercarriage  in  the  active-controlled  mode,  which  considerably  reduces  the  peak  response 
in  the  eigenf requency  neighborhood  of  the  aircraft  pitch  and  heave  degrees  of  freedom. 

These  very  satisfactory  results  were  obtained  at  rather  small  flow  rates  of  the  hy¬ 
draulic  oil  supply.  To  actively  control  the  entire  undercarriage,  only  a  flow  rate  in 
the  range  of  40  1/min  was  required,  it  has  to  be  mentioned,  however,  that  the  oil  supply 
flow  rate  is  quite  dependent  on  the  basic  (conventional)  design  of  the  unde  tear c iage 
considered . 

Further  investigations  concentrated  on  the  stability  behavior  of  the  active-con¬ 
trolled  landing  gear  system.  Nyquist  plots,  as  shown  for  instance  in  Figure  9,  were  cal¬ 
culated  to  detect  eventual  instabilities  of  the  active  control  system.  But  all  of  the 
calculated  open  loop  frequency  response  "circles"  were  nicely  located  at  the  right  hand 
side  of  the  complex  s-plane,  thus  indicating  no  stability  problems  (15). 


6.  Experimental  Investigations 

The  results  obtained  from  the  analytical  investigations,  some  of  which  were  pre¬ 
sented  in  the  foregoing  chapter,  were  so  promising  as  to  encourage  further  research  in 
this  area.  The  decision  was  made  to  construct  a  laboratory  test  setup  for  simulation  of 
the  dynamic  (rigid  body)  behavior  of  aircraft  when  operating  on  rough  surfaces.  To  de¬ 
monstrate  the  efficiency  of  active-controlled  landing  gear,  tests  should  be  run  in  a 
conventional  (passive)  as  well  as  in  an  active-controlled  landing  gear  configuration. 
The  following  sections  give  a  description  of  the  test  setup  and  of  the  results  obtained 
with  it. 
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6 . 1  Test  Setup 

The  aim  of  the  experimental  investigations  was  to  demonstrate  the  improvement  in  the 
rough  field  operational  capabilities  of  aircraft  equipped  with  an  active-controlled  in¬ 
stead  of  conventional  undercarriage.  Due  to  the  smaller  size  of  nose  landing  gear,  it 
was  decided  to  perform  all  experimental  investigations  on  an  actual  sized  passive  and 
active  nose  landing  gear  system.  The  test  setup  is  shown  in  Figures  10  and  11.  A  beam¬ 
shaped  structure,  idealizing  the  front  part  of  an  aircraft  fuselage,  is  pitching  around 
a  pivot  point,  considered  as  the  (fixed)  attachment  point  of  the  main  undercarriage.  On 
the  other  end  of  the  beam  structure,  a  modified  hydraulic  cylinder  acts  as  a  nose  land¬ 
ing  gear  shock  absorber.  A  solid  rubber  element,  simulating  the  nose  wheel  tire  stiff¬ 
ness  is  fixed  to  the  free  end  of  the  cylinder  piston  rod.  The  "tire"  is  placed  on  top  of 
a  platform  connected  to  the  piston  rod  of  a  hydraulic  shaker.  This  system  allows  arbi¬ 
trary  rough  runway  profiles  to  be  simulated  by  feeding  defined  electric  set  value  sig¬ 
nals  to  the  shaker  control  system.  For  the  simulation  of  (different)  aircraft  inertia 
properties,  a  set  of  masses  is  fixed  to  the  beam-shaped  (fuselage)  structure.  All  hy¬ 
draulic  elements,  such  as  damping  and  back-pressure  valves,  which  are  integrated  inside 
the  strut  of  the  real  landing  gear,  are  mounted  here  outside  the  cylinder  on  a  steel 
plate  and  are  connected  to  its  upper  and  lower  oil  chambers  by  large-size  hydraulic 
steel  tubes.  The  orifice  cross  sections  of  the  recoil  and  compression  damping  factors 
are  variable,  thus  allowing  the  recoil  and  compression  damping  factors  to  be  independ¬ 
ently  adjusted  to  defined  values.  The  compressed  nitrogen  volume,  forming  the  stiffness 
of  the  shock  absorber,  is  realized  by  means  of  a  commercially  available  high-pressure 
gas  reservoir  with  a  well-defined  volume. 


fig.  10:  Laboratory  test  set-up  for  rough  field  testing 


As  shown  in  Figure  11,  two  sensors,  an  extensiometer  for  measuring  the  positon  of 
the  landing  ge » r  piston  in  the  strut  and  a  gauge  to  determine  the  pressure  in  the  upper 
oil  chamber  are  used  for  the  static  control  of  the  landing  gear  working  point.  As  a 
feedback  to  the  dynamic  load  alleviation  control  system  various  sensor  signals,  detect¬ 
ing  either  the  pitch  rate  or  the  pitch  acceleration,  are  available. 
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Pig*  11»  Sketch  of  the  active  control  landing  gear  system  investigated 


To  simulate  various  supply  oil  flow  rates,  a  manually  adjustable  flow  rate  limiting 
valve  is  implemented  into  the  pressure  oil  supply  pipe,  allowing  the  flow  rate  to  be 
varied  between  0  and  25  1/min.  Furthermore  a  mechanical  spring  system  is  used  to  simu¬ 
late  aircraft  lifting  forces  during  high-speed  taxi  phases.  This  simple  mechanism  allows 
the  landing  gear  behavior  to  be  determined  in  the  case  of  a  quasi-steady  change  of  its 
loading  forces,  e.g.  during  take  off.  Finally  it  has  to  be  mentioned  that  the  test  setup 
is  designed  to  allow  determination  of  the  characteristics  of  conventional  passive  land¬ 
ing  gear  when  shutting  off  the  oil  pressure  and  return  pipes. 


6.2  Test  Results 

The  defining  data  of  the  investigated  test  setup  configuration  are  as  follows: 

Dead  mass  of  1000  kg  on  top  of  the  landing  gear, 

Static  landing  gear  reference  point  characterized  by  a  strut  elono*Uon  ot  0.2  m  and 
a  pressure  of  50  bar. 


To  detect  the  influence  of  the  supply  oil  flow  rate  on  the  performance  of  the  dynam¬ 
ic  load  alleviation  control  system,  tests  were  performed  at  flow  rates  of  15  and  25  1/ 
min . 


A  first  test 
transfer  function 
electric  set  point 
in  a  locked  strut 


consisted  of 
relating  the 
signal  fed  to 
configuration 


determining  the  frequency  response  of  the  landing  gear 
strut  pressure  in  the  upper  oil  chamber  to  a  (harmonic) 
the  elect rohydraul ic  servovalve.  The  test  was  performed 
,  thus  not  allowing  any  displacement  between  the  shock 


20-12 


absorber  cylinder  and  its  piston.  The  results  revealed  that,  in  the  entire  frequency 
band  of  interest  ranging  from  0  to  5  Hz,  the  pressure  signal  is  delayed  by  a  phase  angle 
of  90°  relative  to  the  servovalve  input  signal.  The  reason  for  this  delay  is  that  an  ap¬ 
preciable  volume  of  hydraulic  oil  has  to  be  inserted  into  the  upper  oil  chamber  of  the 
landing  gear  in  order  to  compress  the  nitrogen  enclosed  in  the  reservoir,  before  a  sig¬ 
nificant  pressure  is  built  up.  It  is  of  primary  importance  to  realize  and  understand 
this  "effect"  which  is  in  contrast  to  the  dynamic  behavior  of  servocontrolled  actuator 
systems,  the  (differential)  pressure/servovalve  input  frequeny  response  of  which  exhib¬ 
its  smaller  phase  lag  characteristics  in  the  low  frequency  range  [13]. 

It  is  obvious  that  the  90°  phase  lag  angle  between  the  shock  absorber  pressure  and 
the  servovalve  input  signal  must  be  taken  into  account  when  designing  the  compensation 
network  of  the  load  alleviation  control  system.  Thus,  to  produce  dynamic  damping  forces 
in  the  strut,  it  is  required  that  the  transfer  function  of  this  control  system  exhibits 
a  phase  lead  angle  of  180°  at  the  eigenf requency  of  the  rigid  body  mode  to  be  controlled 
in  the  case  of  a  displacement  feedback  or  a  90°  phase  lead  angle  in  the  case  of  a  veloc¬ 
ity  feedback  or  a  0°  phase  angle  in  the  case  of  an  acceleration  feedback  of  the  rigid 
body  motion  in  question.  This  entails  that,  if  we  consider  a  displacement  or  velocity 
feedback,  we  have  to  include  correspondingly  two  or  one  (first-order)  differentiating 
elements  into  the  compensation  network.  The  simplest  compensation  network,  as  depicted 
in  Figure  10,  can  be  realized  by  means  of  an  acceleration  feedback  of  the  aircraft  rigid 
body  motion.  During  the  tests  the  three  different  feedback  types  described  above  were 
investigated.  In  combination  with  well-adapted  compensation  networks  their  overall  per¬ 
formance  could  be  considered  equivalent. 

To  demonstrate  the  improved  operational  capabilities  of  aircraft  equipped  with  ac¬ 
tive-controlled  landing  gear  on  rough  runway  surfaces,  three  different  types  of  rough 
runway  surface  profiles,  being  either  of  sinusoidal  or  random  shape  or  scattered  with 
discrete  obstacles  were  investigated.  Some  of  the  results  obtained  “re  presented  in  the 
following  subsections. 


6.2.1  Frequency  Response  Tests 


Fig .  12:  Measured  frequency  response  of  the 
transfer  function  relating  the  air¬ 
craft  pitch  angle  to  the  shaker 
platform  displacement 


clearly  indicate  the  increased  damping  in  the  case 
in  the  vicinity  of  the  pitch  eigenf requency . 


In  the  first  test  the  landing  gear 
system  was  excited  by  the  shaker  plat¬ 
form  according  to  a  repeated  swept 
sine  function  in  the  frequency  range 
from  0.2  to  10  Hz.  The  shaker  platform 
displacement  z  as  well  as  the  "air¬ 
craft”  pitch  angle  G  around  the  pivot¬ 
ing  point  were  recorded  and  analyzed. 
Tests  were  performed  in  both  the  nas- 
sive  and  active  landing  gear  configu¬ 
rations.  The  obtained  frequency  re¬ 
sponses  of  the  transfer  function  bet¬ 
ween  the  two  signals  are  depicted  in 
Figure  12.  The  measured  curves,  which 
are  in  full  agreement  with  the  calcu¬ 
lated  dynamic  response  of  Figure  8, 
of  the  active -controlled  landing  gear 
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6.2.2  Rough  Runway  Tests 


Detailed  experimental  investiga¬ 
tions  concentrated  on  the  dynamic 
behavior  of  aircraft  taxiing  on  run¬ 
ways  with  a  randomly  shaped  rough¬ 
ness.  For  the  excitation  of  the 
landing  gear  a  random-type  displace¬ 
ment  of  the  hydraulic  excitation  cy¬ 
linder,  with  a  power  spectral  densi¬ 
ty  (PSD)  as  depicted  in  Figure  13, 
was  considered.  The  spectrum  is  rea¬ 
listic  with  regard  to  the  simulation 
of  rough  runway  surfaces  in  that  it 
assumes  the  long-wave  uneveness  of 
the  taxi  track  to  be  of  higher 
amplitude  than  the  short-wave  ir¬ 
regularities  . 


Fig.  13;  Power  spectrum  of  the  runway 
roughness 


The  tests  were  performed  at  a 
high  amplitude  level  of  the  excita¬ 
tion,  ranging  between  +  0.05  m.  As  a 
result,  Figure  14  depicts  the  power 
spectra  of  the  dynamic  shock  absor¬ 
ber  force  resulting  form  this  type 
of  excitation  for  both  the  passive 
and  active  landing  gear  configura¬ 
tions.  The  improved  behavior  of  the 
active-controlled  shock  absorber  is 
indicated  by  the  significant  reduc¬ 
tion  in  the  peak  load  level  of  the 
response  spectrum,  leading  to  a  re¬ 
duction  of  42%  in  the  root  mean 
square  (RMS)  value  of  the  strut 
force.  The  improved  dynamic  response 
behavior  of  active-controlled  landing 
Figure  15 . 
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Fig.  14:  Measured  spectra  of  the  dynamic 
landing  gear  force  for  random 
type  runway  roughness 


gear  is  also  demonstrated  by  the  time  plots  of 


6.2.3  Discrete  Obstacle  Tests 

Final  testing  of  the  landing  gear  system  was  related  to  the  simulation  of  aircraft 
taxi  over  a  series  of  AM-2  mat  repair  profiles.  A  typical  sequence  of  investigated  ob¬ 
stacles,  consisting  out  of  3  successive  AM-2  mats,  is  depicted  in  Figure  16.  To  deter¬ 
mine  the  aircraft  landing  gear  dynamic  response  in  the  entire  range  of  reduced  fre¬ 
quencies  of  interest  with  regard  to  the  first  maximum  of  the  Dump  multiplier  at  w*  -  2it 
(Figure  2),  the  simulated  taxi  speed  was  incrementally  varied  between  10  and  80  m/s. 

The  time  plots  obtained  in  the  case  of  the  worst  condition  (most  critical  taxi  speed 
for  the  given  obstacle  spacing)  are  depicted  in  Figure  17.  The  plots  indicate  a  signifi¬ 
cant  allevation  of  the  landing  gear  loads  when  the  control  system  is  activated.  Another 
interesting  result  is  obtained  when  drawing  a  plot  of  the  maximum  landing  gear  load,  en¬ 
countered  at  any  location  during  the  full  traverse  of  a  sequence  of  discrete  obstacles. 
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Fig.  15;  Measured  time  plots  of  the  major  parameters  during 
the  taxi  simulation  with  random  type  roughness 
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Fig.  16:  Investigated  obstacle  with  a  profile  of  3  successive 
AM- 2  mats 


as  a  function  of  the  (constant)  taxi  speed.  The  experimentally  determined  results  in  the 
case  of  a  triple  AM-2  mat  profile  with  a  height  of  0.075  m  are  depicted  in  Figure  18.  It 
can  be  seen  that  the  peak  load  level  is  reduced  by  33%  or  50%  for  the  acti ve-controlled 
landing  gear  in  the  case  of  an  oil  supply  flow  rate  of  15  or  25  1/min.  Figure  18  depicts 
moreover  the  maximum  load  levels  for  the  testing  cases 
triple  AM-2  mat  profile  with  a  height  of  0.10  m, 
double  AM-2  mat  profile  with  a  height  of  0.075  m. 
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Fig.  17:  Measured  time  plots  of  the  major  parameters  while 
crossing  a  triple  AM-2  mat  profile  in  the  case  of 
worst  spacing  conditions 


It  is  interesting  to  note  that  the  loads  produced  in  the  active  strut  are  only  iden¬ 
tical  at  very  high  taxi  speeds  to  the  loads  in  a  conventional  undercarriage.  This  fact 
indicates  that  the  active-controlled  landing  gear  system,  as  presented  here,  neither  al¬ 
leviates  nor  increases  the  loads  induced  by  short-wavelength  obstacles  or  at  touchdown. 
With  regard  to  the  discrete  bump  testing  it  has  to  be  mentioned  that  the  simulation  of  a 
taxi  run  over  30  (l)  successive  AM- 2  mat  profiles,  with  a  height  of  0.075  m  and  placed 
at  worst  spacing  conditions,  could  be  achieved  without  collapsing  the  actively  damped 
landing  gear. 

All  of  the  results  in  the  three  subsections  above  clearly  indicate  that  a  consider¬ 
able  reduction  in  the  landing  gear  (peak)  loads  and  consequently  in  the  aircraft  struc¬ 
tural  loading  during  rough  runway  operations  can  be  obtained  by  the  implementation  of 
active  control  systems  in  the  undercarriage. 


7.  Further  Active  Control  Considerations 

Once  the  undercarriage  is  "made  active"  a  variety  of  additional  advantages  can  be 
expected  from  such  a  landing  gear  design.  Above  all  the  two  "static"  control  loops  (Fig¬ 
ure  11)  can  be  used  for  further  control  purposes  as  illustrated  below. 

First,  the  reference  pressure  couid  be  easily  adjusted  in  accordance  with  a  function 
of  the  aircraft  inertia  parameters.  This  would  allow  the  undercarriage  to  be  adapted  to 
any  aircraft  loading  configuration  and  would  thus  improve  its  overall  landing,  take-off 
and  taxi  performance  by  modifying  its  pneumatic  spring  characteristics. 
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Second,  the  lift  produced  on  the  aircraft  lifting  surfaces,  when  operating  in  its 
high  speed  take-cff  phase,  could  be  significantly  increased  by  elongating  the  nose  land¬ 
ing  gear  strut  which  entails  a  higher  angle  of  attack  of  the  entire  aircraft.  Such  a 
system  would  require  the  reference  elongation  value  setting  (of  the  nose  landing  gear) 
to  be  changed  in  a  transient  form  at  a  well-defined  taxi  speed  during  the  take-off 
phase.  Rough  estimations  have  indicated  that,  due  to  this  type  of^control,  the  take-off 
distance  for  fighter  aircraft  with  a  high  powe r-to-weight  ratio  could  be  reduced  by 
about  100  m,  which  is  in  the  range  of  25%  of  the  normal  take-off  distance. 

Third,  the  storage  space  inside  the  aircraft  structure  of  an  active- controlled 
undercarriage  could  be  reduced  if  the  oil  volume  in  the  shock  absorber  were  partially 
removed  before  the  retraction  of  the  landing  gear  system. 

Moreover  the  simple  principle  of  active  damping,  as  outlined  here  in  detail  for  the 
case  of  the  aircraft  rigid  body  modes,  could  certainly  be  applied  to  achieve  damping 
control  of  defined  "critical"  aircraft  flexible  modes.  A  typical  example  could  be  the 
control  of  the  wing  bending  and/or  torsional  eigenmcdes  or  of  the  fuselage  vertical 
bending  mode  in  order  t"  prevent  the  structural  damage  of  wing  pylon,  outer  wing  or 
fv.selage  front  structures  when  operating  the  aircraft  on  damaged  runways  (16].  In  this 
;ase  it  would  be  beneficial  to  use  several  accelerometers,  distributed  on  the  wing  tips 
and/or  at  the  fuselage  nose,  to  generate  convenient  feedback  signals  to  the  landing  gear 
system  control  loops  [17]. 

These  reflections  clearly  indicate  at  least  some  of  the  many  advantages  to  be  attri¬ 
buted  to  an  active-controlled  landing  gear  design.  The  question  as  to  the  extent  to 
which  the  various  systems  can  and  should  be  realized  addresses  above  all  problems  re¬ 
lated  to  the  reliability  an''  i  *.*  extent  of  damage  in  the  case  of  a  failure  inherent  to 
the  various  active  systems  under  consideration. 


8.  Conclusion 

The  design  of  an  active-controlled  landing  gear  system  was  described.  The  layout  of 
the  control  system  was  designed  to  provide  the  active  undercarriage  with  improved  damp¬ 
ing  characteristics  in  the  frequency  range  related  to  the  aircraft  rigid  body  degrees- 
of-freedom.  This  entails  the  alleviation  of  the  landing  gear  and  aircraft  structural 
loads  due  to  long  wave  obstacles  without  influencing  the  dynamic  response,  in  comparison 
to  a  conventional  landing  gear  design,  to  short  wave  impacts  occurring  at  touchdown  or 
upon  encountering  sharp  high-amplitude  obstacles. 

Moreover  a  detailed  description  of  a  test  setup  for  the  simulation  of  aircraft  oper¬ 
ation  on  rough  runway  surfaces  was  given.  It  was  experimentally  demonstrated  that  an  ac¬ 
tive-controlled  undercarriage  can  significantly  reduce  the  landing  gear  and  consequently 
the  aircraft  structural  loads  during  aircraft  taxi  on  unprepared  rough  runway  surfaces. 
For  instance,  the  RMS-value  of  the  dynamic  landing  gear  forces  could  be  lowered  by  42%, 
in  comparison  to  passive  landing  gear,  in  the  case  of  aircraft  operation  on  surface1' 
with  a  randomly  shaped  roughness  profile.  Simulation  of  taxi  tesfs  over  a  runway  profile 
with  three  successive  discrete  obstacles  (AM-2  mat  profiles)  yielded  a  reduction  of  50% 
in  the  peak  landing  gear  loads  in  the  case  of  worst  spacing  conditions. 

The  aim  of  this  paper  was  to  realistically  demonstrate,  in  a  laboratory  test,  the 
possibilities  offered  by  the  implementation  of  active  control  systems  to  aircraft  under¬ 
carriage  and  to  give  a  quantitative  estimate  of  the  improvements  obtainable  with  such 
systems.  Further  work  will  still  be  required  tor  tne  achievement  of  a  piacLiual  ue&igt. 
of  a  real  active-controlled  undercarriage  and  its  control  system,  especially  with  regard 
to  failure  and  reliability  questions. 
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SUMMARY 

The  application  of  standardised  runway  repair  obstacles  ( SRO )  for  design  purposes  and 
post-design  capability  determinations  was  a  basic  outcome  of  SMP  Working  Group  22 
del iberations . 

The  WG  22  standardised  shapes  have  been  the  basis  of  clearance  work  for  a  current 
military  aircraft.  To  verify  the  adequacy  of  the  SRO  profile  for  this  work  the  response 
to  real  repair  profiles,  obtained  from  practice  repairs,  has  been  related  to  the 
response  to  the  SRO.  Some  comments  on  the  SRO  as  a  represen  tat  ion  of  real  repairs  and 
on  some  undesirable  features  of  real  repair  profiles  are  presented. 


1.  INTRODUCTION 

Military  aircraft  clearance  over  crater-damaged  runways  is  to  be  determined  from  the 
in tr -pretation  of  clearance  information  which  is  based  on  the  aircraft  capability  over 
the  Standard  Repair  Obstacle,  (SRO).  This  standardised  repair  shape  was  formalised  by 
the  AGARD  SMP  Working  Group  as  a  profile  that  may  best  represent  the  repairs  that 
would  be  encountered  in  a  repaired  runway  situation.  Reference  1  gives  details  of  the 
Group's  findings. 

The  clearance  information,  as  requested  by  the  UK  MOD,  will  be  provided  in  the  for,,,  of 
contour  plots.  These  plots  define  safe  speeds  and  spacings  for  crossing  double  repairs 
and  are  based  on  the  calculations  of  the  aircraft  response  to  a  specific  height  of  SRO 

In  order  to  establish  the  adequacy  of  the  SRO  as  a  represen  tat  ion  of  real  repairs  a 
study  was  made  to  study  the  response  of  a  military  aircraft  to  a  large  number  of  real 
repair  profiles.  This  work  included  a  comparison  between  the  aircraft  response  to  real 
repairs  and  to  the  SRO,  and  the  determination  of  the  severity  of  the  real  repairs 
compared  to  the  SRO  response  by  use  of  the  Equivalent  Obstacle'  concept.  In  addition, 
and  of  primary  importance  to  the  UK,  it  would  be  possible  from  this  study  to  determine 
an  adequate  height  to  set  the  SRO  tor  calculation  of  the  contour  plots  such  that  they 
would  cover  the  inevitable  variability  of  the  aircrafts  response  due  to  the  very 
different  real  repair  profiles. 


The  objectives  of  this  document  are  firstly  to  consider  the  adequacy  of  the  SRO  profile 
shape  as  a  representat ion  of  real  repairs  with  respect  to  the  aircraft  response,  and 
hence  the  accuracy  of  the  contour  clearance  procedure  in  the  real  repair  situation. 
Secondly  to  consider  the  Equivalent  Obstacle  concept  as  a  useful  measure  of  the 
severity  of  the  real  repairs  compared  to  the  SRO. 


To  illustrate  the  discussion  the  response  calculations  of  the  heavy  weight  takeoff 
configuration  of  the  military  aircraft  are  presented.  This  case  models  the  aircraft 
accelerating  for  takeoff  from  a  specified  initial  speed.  The  BAe  mathematical  model  of 
this  configuration  has  been  validated  against  test  data. 


l.I.  Foraat  of  the  Document 


To  irtroduce 
time- history 


this  discussion  the  aircraft  response 
and  contour  plat  format  is  outlined  fi 


to  single 
rst.  This 


and  double  SRO  i n 
is  then  fol lowed  by  a 


detailed  comparison  between  the  aircraft  response  to  three  real  repairs  and  the  SRO 
response.  A  discussion  on  the  adequacy  of  SRO  contour  plots  to  cover  the  real  repair 
variability  is  then  presented. 

The  ‘Equivalent  Obstacle  concept,  and  its  inherent  assumptions,  are  outlined  as  a  way 
of  overcoming  the  infinite  variability  of  the  real  repair  profiles,  and  hence  aircraft 
response,  and  to  provide  a  basis  for  determining  the  required  magnitude  of  the  SRO  for 
the  contour  plotting. 


2.  REPAIR  OBSTACLES 


Figure  1  Figure  2 


2.1.  Standard  Repair  Obstacles,  SRO 

The  70mm  profile  is  illustrated  in  Figure  la.  The  maximum  height  of  70mm,  52mm  or  38mm 
is  achieved  in  1.25m.  The  trailing  edge  has  the  same  slope  as  the  repair  leading  edge 
ano  LUiii  length,  including  the  two  ramps  is  22.5m. 


2.2.  CL 60  and  AM2  Repair  Mats 

The  profiles  of  the  CL60  and  AM2  repair  mats  are  illustrated  in  Figures  lb  and  ic 
respectively.  The  CL60  mat  has  thickness  32mm  and  a  ramp  length  0.25m  and  the  AM2  is  of 
thickness  3Bmm  with  a  ramp  length  of  1.375m.  For  thi«*  model’  '''g  *  he  total  length  of  the 
mats  including  the  two  ramps  is  22m. 


2.3.  UK  Crater  Repairs 

For  this  paper  three  crater  repairs  have  been  chosen  from  a  set  of  greater  than  66,  UK 
surveyed  prof i 1 es ,  of  length  22m . 

Having  analysed  the  response  of  the  aircraft  to  many  repairs,  BAe  found  that  it  was 
possible  to  categorise  the  responses  into  three  broad  groups.  Humped  repairs  formed  one 
group  and  repairs  with  a  deep  central  dip  another.  The  third  was  formed  of  repairs 
which  were  of  complex  or  of  relatively  flat  profile  (similar  to  the  SRO).  The  crater  C8 
was  selected  to  represent  a  skewed  humped  repair,  C9  to  represent  a  repair  with  a 
uip  and  C2R  a  repair  most  similar  to  the  SRO  shape.  C2R  has,  however,  some 
crater  in-fill  at  the  leading  edge  which  adds  to  the  neight  and  steepness  of  the  rise 
on  to  the  repair . 


he 


The  following  assumptions  have  been  made  when  the  craters  are  covered  by  the  repair 
mats ! 
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•  The  repair  mat,  including  the  end  ramps  follows  the  surface  of  the  repair  profile 
exactly.  Direct  addition  the  two  heights  gives  the  full  repair  profile. 

Figure  2  illustrates  the  three  repairs  covered  by  the  CL60  mat  and  beside  for 
comparison  the  repairs  covered  by  the  AM2  mat.  For  the  BAe  modelling  the  repair  mat  was 
fitted  exactly  over  the  crater  in-fill  and  therefore  the  rise  onto  the  repair  is 
distorted  by  the  underlying  fill. 


3.  RESPONSE  TO  THE  22 . 5M  STANDARD  REPAIR  OBSTACLES 
3.1.  As  Single  Obstacles 

The  response  to  the  SRO  of  height  70mm  and  length  22.5m  is  shown  for  the  nose  and  main 
gea^s  on  Figures  3-4  for  initial  speeds  of  20 , 40 , 50 , 60 , 70m/s  at  nose  gear  encounter 
with  the  obstacle  leading  edge. 


Considering  the  nose  gear  first  it  is  seen  that  for  the  lowest  speed  illustrated  the 
aircraft  is  sufficiently  slow  for  the  second  peak  to  occur  towards  the  repair  trailing 
edge  and  this  is  then  the  highest  peak.  For  speeds  above  this,  the  first  post-mat  peak 
is  the  maximum  and  remains  so  up  to  60m/s  while  for  speeds  of  70m/s  and  higher  the 
maximum  occurs  during  the  rise  onto  the  repair.  Tuning  in  pitch  over  this  repair  occurs 
at  approximately  40m/s  as  indicated  in  Figure  5  where  the  maximum  Percentage  Available 
Increment,  PAI  which  occurs  throughout  each  time  history  is  plotted  against  speed,  tor 
the  three  SRO  heights  70mm, 52mm  and  38mm.  The  lowest  responses  occur  either  side  of  the 
peak  at  speeds  of  30  and  60m/s. 

PAI  is  defined  as  the  percentage  of  the  available  increment  used  le. 

PAI  =  ( MAX  I  f1UH  LOAD  -  QS1  *  1007. 

(REFERENCE  LOAD  -  QS ) 

where  QS  is  the  quasi-steady  value  for  that  quantity. 

The  main  gear  response  maxima  occur  during  the  rise  onto  the  repair  for  every  speed, 
although  the  f'.rst  post-mat  peak  is  not  insignificant  for  any  speed  up  to  7  Om/s .  These 
ma  x  i  mi_  m  loeds  uo  drop  slightly  as  speed,  therefore  aerodynamic  relief,  increases. 

Figure  6  illustrates  this,  showing  maximum  PAI  Against  initial  repair  encounter  speed. 
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3.2.  As  Double  Obstacles 

Response  work  has  been  carried  out  to  determine  the  aircraft  capability  over  double 
SRO.  This  capability  over  dcubles  is  presented  in  the  form  of  contour  plots  of  PAI 
against  nose  pel  encounter  speed  at  the  leading  edge  of  the  first  repair  and  repair 
spacing.  Repaj-  spacing  in  this  paper,  to  be  consistent  with  some  others,  denotes  the 
distance  from  the  trailing  edge  of  the  first  repair  to  the  leading  edge  of  the  second, 
le.  the  gap  between  the  repairs  rather  than  the  more  appropriate  distance  for 
tuning  of  leading  edge  to  leading  edge.  The  maximum  PAI  at  each  speed / spa c 1 ng 
combination  on  this  grid  is  calculated  and  the  80,90  and  100'/.  PAI  contours  mapped.  This 
method  of  defining  the  clearance  gives  an  indication  of  the  sensitivity  of  the  response 
at  the  critical  speeds  and  spacings  and  makes  use  of  the  phasing  off  the  repair  to 
define  the  maximum  allowable  clearance. 


PAI  CONTOUR  Pi.PT 

REPAIR  SPACING'  v  bN.  PUNTER  ST  Kfcl> 
Hf-AVT  TAKE-OFF 
22 .  b*  SRO  NOSE  GEAf: 
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L._ 


L. 


i  i 


EN<  •lii'ifMi  UEVI 


L 

r i qure  7 
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Figures  7-8  show  the  contour  plots  calculated  for  this  configuration  over  the  22.5m  SRO 
for  the  nose  and  main  gears  respectively.  The  nose  gear  shows  one  critical  area  over 
the  range  of  tuning  speeds  40-50m/s;  this  lobe  being  formed  from  loads  caused  at 
encounter  with  the  leading  edge  of  the  second  repair  when  placed  in  the  region  of  the 
first  post-mat  peak  from  the  first  repair. 


PlI  CONTOUR  PLOT 

REPAIR  SPACING  v  ENCOUNTER  SPEED 
HBAVY  TAKE-OFF 
22.5b  SRO  MAIN  GEAR 


ENCOUNTER  SPEED 


Figure  8 


The  main  gear  contours  show  critical  zones  when  the  second  repair  is  placed  in  the 
region  of  the  first  post  mat  peak  except  at  speeds  close  to  30m/s.  In  addition,  areas 
of  some  significance,  807.PAI,  occur  due  to  the  combination  of  the  second  post-mat  peak 
and  the  leading  edge  of  the  second  repair  but  only  where  the  second  peak  after  the 
first  repair  is  sufficiently  large. 
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Figures  9-11  show  the  main  gear  response  for 
an  initial  speed  of  with  increasing 

spacings  of  17.5m,  20.0m  to  22.5m.  These 
illustrate  the  development  of  the  maximum 
loads  as  spacing  is  increased,  while  leaving 
the  major  unacceptable  zone  by  its  upper 
edge.  The  maximum  load,  caused  at  encounter 
of  the  leading  edge  of  the  second  repair 
during  the  first  overswing  from  the  first 
repair,  falls  as  spacing  is  increased  until 
encounter  occurs  far  enough  into  the 
following  trough  to  allow  the  post-mat  peak 
off  the  second  repair  to  be  the  maximum. 


4.  RESPONSE  TO  UK  CL60  AND  UK  AM2  COVERED  CRATERS 

If  the  contour  approach  using  SRO  is  to  be  used  as  a  guide  to  the  aircraft  clearance 
over  double  repairs  then,  when  translated  to  the  real  repair  situation,  the  SRO  must 
show  a  response  similar  in  both  phasing  and  magnitude  to  the  real  repairs. 

Similar  phasing  is  essential  to  ensure  that  accuracy  in  spacing  definition  for  leading 
edge  and  post-mat  loads  is  achieved.  Magnitudes  of  the  loads,  at  repair  leading  and 
trailing  edges,  from  response  to  the  chosen  height  of  SRO  must  be  similar,  or  just 
envelope,  the  loads  from  real  repairs.  Too  high  a  level  of  SRO  would  result  in  an 
unnecessarily  restrictive  clearance. 

A  comparison  of  the  magnitudes  and  phasing  between  the  chosen  real  repairs  C8,  C9  and 
C2R,  and  the  70mm  SRO,  are  given  below. 


4.1.  CL60  Covered  Crater  Repairs 

Figures  12-13  show  the  response  to  C8  the  high,  late-skewed  repair  at  speeds  20,30,50 
and  60m/s.  Figures  14-15  show  the  equivalent  plots  at  leading  edge  ramp  speeds  of 
20 , 40 , 50 , 60m/s ,  for  C9,  the  repair  with  the  central  dip,  and  Figures  16-17,  C2R  the 
fairly  flat  repair  with  the  crater  in-fill,  which  adds  to  the  height  and  steepness  of 
the  leading  edge  ramp. 


4,1,1,  Nose  Gear  Post-Mat  Loads 

The  form  c.f  humped  repair,  illustrated  by  C8 ,  is  dominated  by  the  fundamental  component 

of  shape  but,  as  it  is  skewed,  the  pitch  response  tunes  at  a  lower  speed  than  that  due 

to  an  SRO  of  equal  length.  Hence,  for  the  nose  gear,  highest  post-mat  loads  occur  at 
>0m/»  over  this  repair,  giving  a  PAI  of  only  2.47.  less  than  the  SRO,  with  a  lag  in  the 
peuk  load  equivalent  to  1.9m.  At  50m/s  the  first  post-mat  peak  resulting  from 
response  to  C8  is  lower  than  the  SRO  first  post-mat  peat  by  10.3V.PAI.  This  gives,  for 
C8 ,  an  equivalent  SRO  height  of  only  44mm.  The  greatest  mismatch  in  phasing  occurs  at 
20m/s  with  a  lead  equivalent  to  4.3m,  however  the  SRO  response  is  5 . 6V.PA  I  greater  . 

The  form  of  dipped  repair,  represented  by  L'9f  tunes  as  if  the  repair  consists  of  a  pair 

of  shorter  repairs.  Hence,  for  the  nose  gear,  nighest  post  -mat  loads  occur  at  2C>m 's  and 

C9  shows  exceedence  over  the  SRO  of  2.97.  PAI  at  20m /s  with  a  lag  equivalent  to  1.2m. 
Through  the  rest  of  fie  speed  range  (greater  than  TOm'si  al l  post  mat  loads  from  C9  are 
low  compared  with  the  SRO,  for  example  at  50m /s  C9  produces  post-mat  loads  equivalent 
to  an  SRO  of  height  33mm. 

The  form  of  repair  most  similar  to  an  SRO  is  represented  by  C.2R .  The  only  deviation  in 
similarity  to  the  SRO  is  a  small  section  of  crater  in-fill  which  adds  to  the  height  and 
steepness  of  the  leading  edge  ramp.  However,  post-mat  loads  show  no  significant  tuning 
but  otherwise  the  response  to  the  SRO  is  similar,  although  of  lower  magnitude 
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throughout  the  speed  range.  Post  mat  loads  give  equivalent  loads  to  a  SRO  of  height 
31mm  at  50m/s. 

Thus,  at  speeds  at  which  the  real  repairs  tune  and  the  SRO  not,  ie.  20m/s  for  repairs 
with  deep  central  dip,  and  30m/s  for  skewed  humped  repairs  exceedence  of  the  70mm  SRO 
post-mat  loads  will  be  possible.  At  speeds  where  the  SRO  tunes  and  these  repairs  do 
not,  the  70mm  SRO  causes  considerably  higher  loads. 

Real  repair  loads  at  the  second  post-mat  peak  are  lower  than  the  SRO  loads.  Loads 
closest  to  the  SRO  loads  in  magnitude  occur  in  response  to  CB  at  the  low  speed  end 
20-30m/s  with  a  PAI  difference  of  only  3.8'X  at  20m/s. 


4.1.2.  Nose  Gear  Leading  Edge  Loads 

Due  to  the  steepness  of  the  CL60  repair  mat  leading  edge  ramp  loads  occurring  during 
the  rise  onto  CL60  repairs  are,  in  general,  the  maxima  of  the  time  history  from  speeds 
as  low  as  20-30m/s  regardless  of  the  detail  shape  of  the  repair.  Exceptions  do  occur, 
for  example  C8  at  the  tuning  speed  of  50m/s ,  due  to  the  relatively  high  drop  off  the 
repair  and  low  rise  onto  the  repair  so  that  the  post-mat  peak  becomes  greater. 

Comparison  with  the  equivalent  SRO  leading  edge  loads  shows  magnitudes  of  the  CL60 
repairs  at  the  lower  speeds  10-30m/s,  which  are  lower  than  the  70mm  SRO,  even  for  the 
repair  C2R.  From  speeds  of  greater  than  30m/s  the  magnitude  of  these  leading  edge  loads 
is  approximately  equal  to,  and  may  exceed,  those  due  to  the  70mm  SRO.  This  indicates 
that  a  rise  of  nominally  32mm  over  0.25m  (CL60  ramp)  gives  rise  to  loads  that  can  equal 
a  rise  of  70mm  over  1.25m  (SRO  ramp).  In  the  case  of  C2R,  where  crater  fill  augments 
the  rise  these  loads  will  exceed  the  SRO.  An  increase  in  PAI  of  5.17.  is  measured  for 
C2R  at  50m/s,  this  being  equivalent  to  an  SRO  of  79mm  at  the  leading  edge. 

In  addition,  C2R  has  leading  edge  loads  which  are  of  equal  magnitude  to  the  SRO  post¬ 
mat  loads  at  60m/s. 

The  phasing  of  the  nose  gear  leading  edge  loads  over  the  CL60  repairs  show  a  lead 
equivalent  to  1.3m  due  to  the  sharper  rise  and  effect  of  crater-fill  at  this  point. 


4.1.3.  Main  Gear  Loads 

Main  gear  loads  resulting  from  crossing  real  repairs  shows  a  similar  form  to  the 
response  as  for  crossing  the  SRO.  The  highest  loads  throughout  the  time  history  occur 
during  the  rise  onto  the  repair. 

Post-mat  loads  for  real  repairs  may  match  and  exceed  those  due  to  SRO  at  tuning  speeds. 
C8  shows  exceedence  of  the  first  post-mat  peak  of  the  SRO  at  30m/s  by  2.77.  PAI 
(equivalent  SRO  of  72mm)  with  a  lead  equivalent  to  2.7m  and  the  second  post-mat  peak  by 
2.97.  PAI  (equivalent  SRO  of  72mm)  with  a  lead  of  2.7m.  For  speeds  greater  than  the 
tuning  speeds  of  the  real  repairs  the  SRO  post-mat  loads  exceed  those  due  to  the  real 
repairs,  for  example  CB  at  50m/s  shows  a  PAI  of  28.77.  less  than  the  SRO  and  is 
equivalent  to  an  SRO  of  43mm. 

The  leading  edge  loads  for  real  repairs  are  always  less  than  the  SRO  loads  and  are 
equivalent  to  an  SRO  of  48mm  for  C2R  at  50m/s;  this  considered  to  be  the  worst  repair 
of  the  three  for  leading  edge  response. 

Phasing  of  real  repairs  compared  with  SRO  at  the  leadinq  edge  shows  a  lead  equivalent 
to  one  metre. 


4.1.4.  A  Modification  to  the  CL60  Repair  Mat  Leading  Edge 


To  illustrate  the  detrimental  effect  of  the  CL60  leading  edge  C2R  was  covered  by  a  CL60 
repair  mat  (32mm  thick)  with  a  leading  edge  ramp  wf  1.25m,  as  of  the  SRO,  placed  clear 
of  -->-ater  in-fill,  and  the  response  calculated  at  50m/s.  Figures  id-19  illustrate 

this  for  the  nose  and  main  gear  loads  respectively.  The  response  is  compared  with 
the  response  to  a  CL60  mat  only  and  to  C2R  covered  by  the  nominal  CL60  mat  (ramp 
modified  by  crater  in-fill).  At  this  speed  the  CL60  mat  alone  gives  nose  gear  leading 
edge  loads  equal  to  the  70mm  SRO  and  therefore  C2R  must  exceed.  The  modified  CL60  ramp 
shows  loads  far  lower,  implying  that  a  far  less  restrictive  clearance  level  would  be 
possible  by: 


1  . 
2. 


Ensuring  that 

Mod i f  y inq  the 
r  amp . 


the  mat  ramps  lie  outside  the  cr a  ter  -  f  i  1  1  . 
CL60  leading  edge  to  be  less  severe  and  more 


s lm i 1 ar 


to  the  SRO 


Figure  14 
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4.2.  AM 2  Covered  Crater  Repairs 

The  response  for  both  nose  and  main  qears  are  shown  in  Figures  20-21  for  CB  covered  by 
the  AM2  mat,  Figures  22-23  for  C9  and  Figures  24-25  for  C2R. 


4.2.1.  Nose  Gear  Post-Mat  Loads 


Comments  on  the  tuning  characteristics  stated  for  the  CL60  repairs  apply  to  the  AM2 
repairs.  At  speeds  at  which  the  real  repairs  tune  .and  the  SRO  not,  exceedence  of  the 
70mm  SRO  post-mat  loads  will  be  possible.  C8  shows  a  slight  exceedence  at  30m/s  of 
0.1XPAI  with  a  lag  equivalent  to  1.9m  and  C9  at  20m/s  shows  an  exceedence  of  2 . 37.PA  I 
with  a  lag  of  one  metre  and  giving  an  equivalent  SRO  height  at  this  point  of  75mm  .  At 
speeds  where  the  SRQ  tunes  and  these  repairs  do  not,  the  70mm  SRO  causes  considerably 
higher  loads.  C8  causes  the  greatest  loads  at  these  speeds  which  at  50m/s  are 
equivalent  to  an  SRO  of  49.6mm. 

Phasing  off  the  repairs  is  variable,  the  maximum  difference  for  these  -epairs  being  for 
C8  at  20m/s  showing  a  lead  equivalent  to  4.1m. 


4.2.2.  Nose  Gear  Leadinq  Edge  Loads 

The  leading  edge  ramp  of  the  AM2  repair  mat  is  less  steep  than  the  SRO,  namely,  38mm 
rise  in  1.375m.  Leading  edge  loads  are  far  less  severe  accordingly.  For  example,  at  the 
speed  of  50m/s,  C2R  only  reaches  an  equivalent  SRO  at  this  point  of  45mm. 

The  phasing  of  the  nose  gear  leading  edge  loads  over  the  AM2  repairs  show  no 
significant  difference. 


4.2.3.  Main  Gear  Loads 

Post-mat  loads  for  AM2  real  repairs  match  those  due  to  SRO  at  speeds  where  t.i:  to 

the  SRO  is  low,  and  for  the  repairs  similar  to  CB  loads  may  exr?eH  the  SRO  at  the 
repair  tuning  speeds.  For  example,  C8  post-mat  loads  just  exceed  at  30m/s  for  both  the 
4 1  rs  t  and  second  post-mat  peaks,  by  2.9V.PAI  at  the  first  and  3.67.PAI  at  the  second.  The 
lag  is  equivalent  to  2.6m.  Main  gear  leading  edge  loads  for  C2R,  the  repair  considered 
to  be  the  most  detrimental  at  this  point,  gives  an  equivalent  SRO  of  47.9mm  at  20m/s 
and  47.5mm  at  50m/s. 
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5.  THE  SRO  AS  A  REPRESENTATION  OF  REAL  REPAIRS 

The  peak-to-peak  comparison  of  the  SRO  and  real  repair  responses  certainly  emphasises 
the  difficulty  in  trying  to  select  a  profile  shape  which  gives  a  response  for  both  nose 
and  main  gear  that  is  similar  to,  and  envelopes,  the  responses  to  real  repairs.  The 
infinite  variaoility  of  real  repair  shapes,  even  though  constrained  within  a 
repair — build  specification,  can  lead  to  a  range  of  responses  that  cannot  be  matched 
accurately  by  one  shape  alone. 

Two  major  problems  are  evident.  The  first  is  the  effect  of  the  crater  in-fill  to  the 
repair  shape.  Whatever  the  resulting  shape  of  the  crater  in-fill,  be  it  humped  or 
dipped,  the  overall  effect  on  the  aircraft  response  is  to  cause  the  tuning  speeds  over 

that  repair  to  be  lower  than  that  over  the  Standard  Repair  Obstacle  because  real 

repairs  will  always  be  effectively  shorter  than  SRO.  Tuning  occurs  strongly  at  50m/s 
over  the  22.5m  SRO  profile  and  not  at  the  20-30m/s  as  for  22m  real  repairs.  Also,  due 
to  differing  effective  lengths  post-mat  phasing,  especial  at  the  low  speed  end, 

will  vary.  A  modification  to  the  flat  SRO  would  be  indeterminable,  but  an  adjustment  to 
the  length  to  ensure  tuning  occurs  at  speeds  more  relevant  to  the  real  repairs  would 
alleviate  the  problem. 

The  second  problem  lies  with  the  use  of  repair  mats  which  have  leading  edge  ramps  which 
differ  signi f icant 1 y  from  that  of  the  SRO.  The  CL60  mat  with  a  rise  of  32mm  in  0.25m 

causes  loads  at  the  leading  edge  ramp  that  are  greater  than  those  occurring  during  the 

rise  onto  the  SRO  at  50m/s.  So,  in  the  case  of  the  crater  in-fill  of  a  real  repair 
augmenting  the  repair  mat  leading  edge,  as  with  C2R  ,  the  SRO  leading  edge  loads  can 
only  be  exceeded  further.  SRO  leading  edge  loads  match  more  successfully  to  AM2  covered 
repairs  as  the  ramps  are  more  similar.  As  previously  stated  there  is  the  possibility  of 
reducing  this  leading  edge  problem  by  firstly  ensuring  that  the  repair  mat  ramps  are 
set  sufficiently  away  f  r-'«*>  the  ,,  *111  sc  v  «««  L  I  !  j:Ba  not  augment  lr.«r 

ramp  and  secondly  serious  reconsideration  of  the  CL60  ramp  design. 

The  differences  for  the  CL60  repairs  are  illustrated  in  Figures  26-27.  An  envelope  of 
the  maximum  PAI  resulting  from  the  aircraft  response  to  the  full  set  of  CL60  covered 
repairs  analysed  by  BAe  is  overplotted  against  the  SRC  PAT  naxima  (reference  Figures  5- 
6).  The  aircraft  response  to  the  real  repairs  can  create  nose  gear  loads  which  are 
equal  to  those  resulting  from  crossing  the  70mm  SP J .  The  exceedence  of  the  SRO  response 
at  60m/s  actually  results  from  the  response  to  C2R .  This  :s  due  to  the  aircraft 
response  at  the  leading  edge  exceeding  the  response  to  the  SRO  at  both  the  leading  edge 
ramp  and  post-mat.  The  main  gear  shows  a  similai  ^enc  for  both  the  real  repairs  and 
the  SRO  because  the  response  maxima  for  both  generally  occur  during  the  rise  onto  the 
repair . 


Figures  20-29  show  the  equivalent  plots  for  the  AM2  covered  repairs.  AM2  repairs  show 
no  problems  at  the  60m/s  region  and  similar  to  the  CL60  repairs  at  the  30m/s  region. 
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6.  I  flPL  I  CAT  IONS  FOR  THE  USE  OF  THE  SRO  CONTOURS 


On  the  basis  of  the  comparison  of  +-he  calculated  responses  to  the 
and  to  the  SRO  it  is  evident  that  the  SRO  based  contour  plots  are 
of  the  SRO  to  be  used  must  evidently  be  a  compromise. 


three  real 
not  ideal . 


repairs 
The  height 


At  the  low  speed  end,  speeds  of  30m/s  and  less,  there  are  problems  with  both  phasing 
and  magnitude.  Post  mat  loads  of*  real  repair”  for  both  nose  and  main  gear  give  reason 
to  use  the  70mm  level.  Leading  edge  loads  which  are  equivalent  to  SRO  of  less  than  70mm 
at  these  speeds  will  give  allowance  for  the  inevitable  occurrence  of  post-mat  loads 
equivalent  to  an  SRO  of  greater  than  70mm.  An  increase  in  the  907.  contour  to  encompass 
the  30m/S  region,  and  use  of  the  907.  contour  lor  speeds  up  to  35m/s,  which  although 
cautious,  may  cover  the  problems  caused  by  phasing  in  this  region. 

For  speeds  higher  than  30m/s  the  three  real  repair  responses  do  not  exceed  post-mat 
loads  which  are  equivalent  to  50mm  SRO  for  both  nose  and  main  gear.  Leading  edge  loads 
for  th«»  nose  gear  over  this  speed  range  cause  loads  equivalent  to  an  SRO  of  45mm  for 
the  nose  and  48mm  for  the  main  if  the  repair  is  covered  by  an  AM2  mat  and  79mm  for  the 
nose  and  48mm  for  the  main  if  covered  by  a  CL60  mat.  Thus,  at  these  speeds,  for  a  pair 
of  AM2  repairs  the  70mm  SRO  provides  unnecessary  restrictions  on  the  aircraft.  If 
contours  for  a  50mm  SRO  were  to  be  plotted  the  lobe  on  the  nose  gear  contour  would 
probably  not  be  there  and  the  main  gear  lobe  would  be  greatly  reduced  over  this  speed 
range.  In  addition,  no  account  need  be  taken  of  the  areas  of  significance  defined  for 
the  second  post-mat  peak  since  they  become  further  below  criticality. 

If  a  pair  of  CL60  repairs  is  to  be  represented  at  these  speeds  the  leading  edge  loads 
g  i  .  c  juisti  fiLauon  tor  using  the  clearance  based  on  the  70mm  SRO  for  the  nose  gear  . 
However,  due  to  the  lower  post  repair  loads  some  over -represen ta t ion  of  the  severity 
may  still  exist. 


The  above  arguments  suggest  the  possibility  that  two  levels  of  contour  plots  could  be 
used  for  the  aircraft  at  this  configuration  in  order  to  produce  a  clearance  that  is  not 
excessively  restrictive.  The  first  set  would  be  at  70mm  and  would  be  provided  to  cover 
speeds  of  up  to  30m/s  or  possibly  40m/s  for  some  contingency  for  both  nose  and  main 
gear.  Modification  to  the  plots  may  be  considered  to  cover  the  low  speed  end  variances 
in  magnitude  and  phasing .  The  second  set  would  be  provided  for  both  nose  and  main  gear 
at  the  50mm  SRO  level  to  cover  combinations  of  AM2  covered  repairs  at  the  high  speed 
end.  If  no  modification  to  the  CL60  repair  leading  edge  is  foreseeable  then  the  higher 
level  of  contour  would  have  to  be  applied  over  the  full  speed  range  for  the  nose  gear . 


Also  when  considering  interpretation  of  the  contours,  some  allowance  should  be  made  for 
the  following  aspects  adding  to  the  aircraft  loads: 

■  Runway  roughness. 

■  Repair  quality  after  trafficking. 

•  Repair  quality  in  a  wartime 

•  Repair  asymmetry. 


cond l t ion . 
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7.  THE  EQUIVALENT  OBSTACLE  HEIGHT,  EQ 
7.1.  General 

BAe  studied  the  response  uf  the  military  aircraft  to  a  large  i  'imber  of  real  repair 
profiles  in  order  *0  determine  the  aircraft's  capability.  Lan  ing  and  takeoff 
configurations  were  analysed.  For  this  work  a  more  simplisti  .  approach  had  to  be 
adopted  in  order  to  reduce  the  quantity  of  work  that  would  have  been  involved  m 
producing  a  clearance  by  a  peak  to  peak  analysis  such  as  has  been  used 
above  to  illustrate  the  detail  differences  between  the  responses.  The  Equivalent 
Obstacle  concept  had  been  envisaged  by  the  AGARD  WG2?  as  a  possible  means  of  assessing 
this  capability  and  it  was  decided  that  this  should  be  applied  to  the  military  aircraft 
clearance. 

The  Equivalent  Obstacle  ,  EO  of  a  real  repair  is  defined  to  be  the  height  an  SRQ  has 
to  be  in  order  to  give  the  same  maximum  load  as  that  resulting  from  the  response  to  the 
real  'eoa: r.  To  determine  this  height  the  maximum  loads  from  real  repairs  are  compared 
*■  o  maximum  loads  from  the  response  to  t‘  e  SRO  of  heights  70,  52  and  3Bmm  regardless  of 
the  nont  or.  or  off  the  repair  at  which  the  maximums  occurred.  Figure  30  illustrates 
‘he  calculation  of  EO  for  the  repair  CB  covered  by  the  CL60  mat.  In  this  case  this 
method  give?-  a  reasonabie  estimate  for  the  main  hut  is  misleading  for  the  nose 

gear.  1  fie  nose  gear  EO  results  from  a  comparison  of  real  repair  leading  edge  loads  and 
SRO  post-mat  loads.  Thus  nose  gear  based  EO  must  be  considered  with  care. 


The  analysis  for  this  configuration  showed 
both  nose  and  main  gear  based  EO  of  Uk  AM2 
repairs  of  no  qreater  than  70mm  throughout 
the  speed  range.  Cl. 60  repairs  do  show  some 
exceedence  of  the  70mm  level  for  nose  gear 
based  EO  at  frOm/s. 


/./.  I  he  ft)  of  Single  Repairs 

;*  p-.p  re  pa  i  *  may  r>e  --nside-ed  to  he  a  single  r  eoa  1  r  t  hen  this  evaluation  of  TO  gives 
a  of  *  *'e  rP[Mir  s  severity  provide  *  he  responses  are  similar.  Of  course. 

'  ■  Single  <-er-a  i  r  *> ,  prr./icjed  limit  loads  are  not  reached  within  a  certain  1  eve  l  (say 

a  ‘  1  wa  -  v  e  *  a  r  jntpr  ?rt  '  unwa «  r  011Q  fin  ess  1  ,  then  the  actual  .aloe  of  EO  for  a  sinqle 
-epair  .s  nr,*  Cj  4  dr,  sp'Cial  value. 

4 ■  ...e  ,  e  -  ,  *  no  .  a  1  up  ',4  Fi  has  at  *  a p p  1  l  •  a  t  1  on  1  n  t  he  multiple  repair  situation. 


/  .  \  .  Ik  H)  t: 


on< ept  Ex*  *nc1«td  to  a  Double  Repair  Situation 


d e  7  e  *■  it-  1  ”  ed  .  ‘  . 

- r  p  1  n  t  «■  ;  n  a  s  e  •  •  r-. 

s  ,  i> r  <•.  ,  \  led  t  r,v  •  ff  ,1 


r  ema  1  r'  S  he  i  ow 


1  e  .  e  !  which  reas«jnahlv  encompassed 
ce  the  height  a*  which  the  SRO 
,  t h i s  has  been  pr ov 1 s l on a  1  l y 
repair  is  less  thin  7o«nm  t  fie 
»  s  w;tt'  EO  of  less  thin  7 Omm 
w.mpt  i'ii  -  ,  provided  of  course 

—  iWH  at  the  ma:or  peats 
.  i  a  1  *  v  if  *  he  phasing  at  the 
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The  peak - to-peak  matching  of  the  responses  of  C8,  C9  and  C2R  show  that  this  is  not 
always  the  case  and  that  exceedences  of  the  70mm  SRO  response  do  occur  at  certain 
locations  through  the  time  history  although  the  EQ  calculated  for  the  repairs  as 
singles  at  these  speeds  would  be  less  than  70mm.  However,  it  has  been  shown  that, 
although  there  may  be  post  mat  exceedence  of  the  70mm  SRO  response  it  is  unlikely  to  be 
followed  by  a  leading  edge  response  equivalent  to  70mm  SRO  that  indeed  phases 
sufficiently  accurately  Lu  cause  a  transgression  into  the  region  bounded  bv  the  LOO'/.PAI 
con  tour . 


A  better  estimate  of  E0  would  be  to 
mat  load  first  and  second  peaks  and 
the  speed  range  and  select  the  most 
ignored.  However  this  would  involve 
justified  considering  the  variances 


consider  the  leading  edge  ramp  loads  and  the  post 
calculate  an  E0  at  each  of  these  points  throughout 
pessimistic.  Small  phasing  differences  would  be 
a  great  deal  of  work  that  would  not  be  fuliv 
in  the  real-life  situation. 


8.  CONCLUSIONS 

SRO  as  a  Represen  tat  ion  of  Real  Repairs: 

■  The  SRO  shape  is  not  an  ideal  represer ta t ion  of  the  real  repairs. 

The  differing  effective  lengths  of  the  real  repairs  compared  with  the  SRO  causes 
tuning  at  different  speeds  and  hence  magnitude  and  phasing  of  the  post-mat 
response  is  dissimilar. 

The  differing  leading  edge  ramp  on  the  CLbO  repair  mat,  and  to  a  lesser  extent  the 
AM2  repair  mat,  compared  to  that  for  the  SRO  causes  dissimilar  responses  in  both 
magnitude  and  phasing  during  the  rise  onto  the  repair. 

•  Modification  to  the  SRO  fiat  topped  shape  would  be  indeterminable. 

However  a  useful  change  would  be  to  shorten  the  SRO  length  to  one  that  would 
produce  aircraft  tuning  at  more  similar  speeds  to  the  real  repairs.  Repairs  to 
smaller  craters  could  need  to  he  matrhed  tu  even  shorter  SRO. 

■  In  order  to  make  the  response  to  the  real  repairs  as  similar  as  possible  to  the 
SRO  it  is  advisable  it  possible  to  avoid  both  excessive  sag  at  ‘he  repair  rent^e 
and  overfilling  the  repair  so  as  to  cause  a  large  hump. 

In  addition,  ensure  that  the  repair  mat  ramps  are  fixed  clear  nf  the  crater  repair- 
to  avoid  detrimental  addition  to  the  rise  onto  the  repair. 

Uf  Clearance  Procedure 

•  The  current  SRO  profile,  when  set  at  a  height,  that  reasonably  encompasses  the 
repair  loads  tnroughout  the  speed  range  will  lead  to  a  clearance  dehnition  which 
will  be  adequate  at.  some  speeds  and  over  lv  restrictive  for  others. 

Equivalent  Obstacle  Concept: 

•  The  peak  -  to* peak  analysis  to  obtain  equivalent  SRO  at  the  critical  points  of  the 
response  over  a  repair  would  lead  to  a  more  accurate  theoretical  estimate  of  the 
severity  of  the  repairs  compared  with  the  EC  calculation.  The  excessive  war v 
demanded  by  this  technique  in  order  to  achieve  the  additional  accuracy  is  not 
worth  the  effort  considering  all  the  variability  in  the  real-life  situation. 

T  he  Equivalent  Obstacle  values  gives  an  estimate  of  t  he  severity  of  t  he  repair  and 
when  considered  with  care  will  be  sufficiently  accurate  to  provide  an  estimate  for 
the  height  of  SRO  for  the  UK  clearance  procedure. 

•  Modification  to  the  CL60  leading  edge  ramp  to  one  more  similar  to  that  or'  the  SRO 
would  broaden  the  allowable  clearance  for  this  configuration  b/  allowing  a  lower 
'evei  of  SRO  to  be  used  for  the  contour  plots  over  a  substantial  speed  range. 
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SUMMARY  OF  THE  FINAL  DISCUSSION 


by 

D.Chaumette* 

Dassault-Aviation  —  France 
Specialist  Meeting  Chairman 


It  became  evident  during  the  Meeting  that  landing  gear  are  a  prime  concern  because  they  are  the  number  two  system  causing 
major  airframe  failure.  But  in  most  cases  the  origin  of  failure  is  fatigue,  often  in  combination  with  corrosion.  In  this  respect 
selection  of  proper  alloys  with  efficient  corrosion  protection  coatings  is  very  important. 

Purely  static  failures  (by  exceeding  ultimate  strength  of  landing  gear)  seem  to  be  very  seldom,  excluding  some  "rogue**  cases 
beyond  any  design  possibility. 

Speaking  about  regulations,  existing  military  regulations  are  US  MIL  Specs  8862A,  8863  A  and  8722 1  A,  and  the  French  AIR 
2004  D  and  E.  The  MIL  Specs  are  outdated,  not  well  understood  and  rarely  used.  The  French  AIR  2004  E  is  in  use.  but  may 
also  need  improvement  in  the  landing  loads  section.  Concerning  statics  design  cases,  there  are  some  divergences  between  both 
sets  of  regulations,  this  being  particularly  noteworthy  for  the  lending  cases  of  carrier  airplanes 

Resolving  or  explaining  such  differences  could  be  profitable  to  the  NATO  community. 

As  mentioned  above,  fatigue  of  landing  gear  structure  is  not  properly  accounted  for  in  landing  gear  design. 

It  was  generally  agreed  that  a  design  guide  based  primarily  on  statistically  compiled  operational  data  is  needed  by  the  industry. 

It  was  proposed  that  an  AGARD  working  group  be  formed  to: 

a)  Examine  which  part  of  the  existing  MIL  Specs  requires  revision 

b)  Build  a  ground  loads  statistical  data  base  from  existing  and  future  measured  data. 

c)  Create  a  "life  spectrum(s)*'  for  landing  gear  so  that  a  realistic  fatigue  life  can  be  incorporated  as  a  landing  gear  design 
factor.  This  spectrum  would  be  based  on  the  measured  data  from  step  b. 

d )  Examine  the  usefulness  of  an  "ASIP"  type  structural  integrity  tracking  program,  for  landing  gear  that  would  lx  suitable  for 
international  adoption. 

In  the  field  of  computer  codes  several  papers  presented  extremely  impressive  computations,  including  the  response  of  the 
complete  structure,  taking  into  account  non  linearities  typii  <il  of  landing  gears.  What  remains  to  be  done  arc  more  comparisons 
with  actual  measured  eases.  Also  problems  may  remain  for  such  effects  as  gas-oil  thermodynamics  or  friction  forces  in  nlco 
struts. 

The  question  of  the  use  of  bomb-damaged  runways  was  the  subject  of  several  papers.  The  tentative  conclusions  are  the 
following: 

Landing  gears  of  older  design  were  optimized  only  for  the  landing  impact  cases.  Examples  were  given  that  modifications 
to  the  oleo  stmts  absorbers  may  provide  lots  of  improvements  for  the  use  of  damaged  runways;  this  still  using  passive 

systems 

To  respond  to :» more  severe  requirement  a  solution  may  be  to  use  active  systems.  There  was  no  clear  consensus  on  the  use 
of  active  systems,  with  several  concepts  ranging  between  “adaplative  damping'*  and  completely  piloted  oleo  struts 

Questions  on  issues  such  as  complexity,  reliability  and  oil  flow  rates  are  not  resolved.  And  the  last  point  is  that  up  to  now 
severe  requirements  concerning  bomb-damaged  runway  operations  were  never  introduced  in  new  airplane  specs,  so  such 
a  svstem  is  not  necessary. 


*  W  "h  thf  f*«  ij-  ■!  u  s  mlci-n  In  I  ( it-r.irdi « l  S|  during  flu  diMiissinn 
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RESUME  DE  LA  DISCUSSION  FINALE 
par 

D.Chaumette* 

Dassault-Aviation  —  France 
President  du  Specialists  Meeting 


II  a  ete  evident  dans  le  Meeting  que  les  atterrisseurs  sont  un  souci  important  car  ils  sont  en  deuxieme  place  pour  les  systemes 
causant  des  ruptures  majeures  de  stnictures  d’avion. 

Mais  dans  la  plupart  des  cas  Lorigine  de  la  rupture  est  la  fatigue,  sou  vent  en  combinaison  avec  la  corrosion.  Sur  ce  point,  la 
selection  d’alliages  appropriees  et  de  revctements  protecteurs  efficaces  sont  tres  importants. 

Les  ruptures  purement  statiques  (c’est  a  dire  par  depassement  de  la  charge  extreme  de  I'atterrisseur)  semblent  etre  quasi- 
inexistants.  si  I  on  exclut  les  cas  tellement  hors  norme  qu’il  serait  irrealiste  de  vouloir  les  couvrir  dans  la  conception. 

Parlant  de  reglements,  les  specifications  militaires  existantes  sont  les  US  MILS  SPECS  8862 A,  886  3 A  et  8722 1 A  et  les  normes 
fran^aises  AIR  2004  D  et  E.  Les  MIL  SPECS  sont  demodees,  pas  tres  bien  comprises  et  rarement  utilisees.  La  AIR  2004  E  est 
utilisee,  mais  pourrait  aussi  necessiter  des  ameliorations  dans  sa  partie  charges  d’atterrissage. 

En  ce  qui  conceme  les  cas  de  dimensionnement  statiques  il  y  a  quelques  divergences  entre  les  deux  groupes  de  reglements,  ceci 
etant  particulierement  net  pour  les  cas  d’atterrissage  sur  porte-avions.  Reduire  ou  expliquer  de  telles  differences  pourrait  etre 
profitable  aux  pays  de  1’OTAN. 

Comme  indique  plus  haut,  la  fatigue  des  atterrisseurs  n’est  pas  suffisamment  prise  en  compte  lors  de  leur  conception. 

II  a  ete  generalement  admis  qu'un  guide  de  conception,  base  principalement  sur  une  compilation  statistique  de  resultats  en 
operation,  est  un  besoin  pour  Lindustrie. 

I!  a  ete  propose  de  former  un  working  group  AGARD  pour: 
a;  Examiner  quelles  parties  des  MILS  Specs  necessitent  une  revision. 

b)  Batir  une  base  de  donnees  de  statistiques  de  charges  au  sol  a  partir  de  donnees  mesurees  existantes  ou  futures. 

c)  Creer  un  ou  des  spectres  de  chargement  pour  les  atterrisseurs  de  fa<;on  a  ce  qu’une  vie  en  fatigue  realise  soit  integree  dans 
la  conception.  Ce  spectre  serait  base  sur  les  donnees  mesurees  du  point  b. 

d)  Eixaminer  Lutilite  dun  programme  de  type  *ASIP"  de  surveillance  de  I'integritc  strucluralc  dcs  atterrisseurs  qui  pourrait 
etre  adopte  internationalement. 

Dans  le  domaine  des  programmes  de  calcul  plusieurs  papiers  ont  presente  des  calculs  tres  impressionnants.  incluant  la  reponse 
de  la  structure  complete  et  prenant  en  compte  les  non  linearites  tvpiques  des  atterri«seurs.  Ce  qui  reste  a  faire  est  plus  de 
comparaisons  avec  dcs  mesures  de  cas  nuls.  Aussi  des  problemes  peuvent  subsister,  lies  a  des  effets  tels  que  les 
thermodynamiques  gaz-huile  ou  les  forces  de  friction  dans  les  amortisseurs. 

La  question  de  Lutilisation  de  pistes  endommagees  par  bombes  a  etc  I  objet  de  plusieurs  papiers 

l  Jne  tentative  de  conclusion  pourrait  etre: 

Les  atterrisseurs  de  conception  plus  ancienne  etaient  opimises  seulement  pour  le  cas  d'impact  a  I'atterrissage  On  a 
montre  par  des  cxempies  que  des  modifications  du  dessin  des  amortisseurs  pourraient  apporter  des  ameliorations 
importantes  pour  ('utilisation  de  pistes  endommagees.  Cect  en  utilisant  tou jours  des  systemes  passifs. 

—  Pour  repondre  a  des  exigences  plus  severes,  une  solution  pourrait  etre  (’utilisation  dc  systemes  actifs. 

i!  n  v  a  pas  eu  de  consensus  clair  sur  Lutilisation  de  systemes  actifs.  avec  plusieurs  concepts  allant  de  I'amortissement 
adaptatif  au  systeme  hydraulique  completement  pilote. 

Des  questions  sur  des  sujets  tels  que  la  complexite.  la  fiabilite  et  les  debits  d'huile  necessaircs  ne  sont  pas  resolues. 

f't  le  dernier  point  est  que  a  ce  jour  dcs  exigences  severes  concernant  lutilisation  a  partir  de  pistes  endommagees  par 
bombes  n'ont  jamais  etc  introduces  dans  les  specifications  d'avions  nouveaux.  ce  qui  ne  rend  pas  nccessaire  ce  type  de 
systeme. 


'  Avec  I  aide  des  |>nses  par  TGerardt  (US)  pendant  la  discussion. 


REPORT  DOCUMENTATION  PAGE 


1.  Recipient’s  Reference 

2.  Originator's  Reference 

3.  Further  Reference 

4.  Security  Classification 
of  Document 

AGARD-CP-484 

ISBN  92-835-0611-1 

UNCLASSIFIED 

5.  Originator 

Advisory  Group  for  Aerospace  Research  and  Development 
North  Atlantic  Treaty  Organization 

7  rue  Ancelle,  92200  Neuilly  sur  Seine,  France 

6.  Title 

LANDING  GEAR  DESIGN  LOADS 

7.  Presented  at 

the  7 1  st  Meeting  of  the  AGARD  Structures  and  Materials  Panel,  held  in  Povoa 
de  Varzim,  Portugal  on  8th  to  12th  October  1990. 

8.  Author(s)/Editor(s) 

9.  Date 

1 _ 

Various 

June  1991 

_ i 

10.  Author's/Editor's  Address 


1 1 .  Pages 


Various 


12.  Distribution  Statement 


[ 


13.  Keywords/Descriptors 


This  document  is  distributed  in  accordance  with  AGARD 
policies  and  regulations,  which  arc  outlined  on  the 
back  covers  of  all  AGARD  publications. 


Landing  gear 
Design  loads 
Design  analysis 


14.  Abstract 

"  This  publication  reports  the  papers  presented  to  a  Specialists'  Meeting  organised  by  the  Structures 
and  Materials  Panel  and  held  at  its  Fall  1990  Meeting. 

The  Specialists'  Meeting  provided  a  forum  for  the  exchange  of  experiences  between  the  NATO 
nations  with  the  aim  of  advancing  landing  gear  design  criteria  and  methods  of  landing  gear 
analysis.  The  Meeting  reviewed  existing  design  practices  and  specifications,  considered  the 
various  methods  for  load  measurement  and  data  analysis  and  formulated  guidelines  for  future 
design  procedures. 


NATO  OTAN 

7  RUE  ANCELLE  •  92200  NEUILLY-SUR-SEINE 
FRANCE 


DIFFUSION  DES  PUBLICATIONS 
AGARD  NON  CLASSIFIEES 


Telephone  (I )47.38.S7.00  ■  Tele*  610  176 
_ Telecopie  (1)47.38.57.99 _ 


L' AGARD  ne  detient  pas  de  stocks  de  ses  publications,  dans  un  but  de  distribution  generate  a  1‘adresse  ci-dessus.  La  diffusion  iniliale  des 
publications  de  I'AGARD  est  effectuee  aupres  des  pays  membres  de  cette  organisation  par  I'intermcdiaire  des  C'entres  Naiionaux  de 
Distribution  suivants.  A  lexception  des  E  tats-Unis, ces centres disposent  parfois d'exemplaires  additionneis: dans les cas  contra) re.  on  peut 
se  procurer  ces  exemplaires  sous  forme  de  microfiches  ou  de  microcopies  aupres  des  Agences  de  Vente  dont  la  liste  suite. 


AELEMAGNE 

Fachinformationszentrum. 

Karlsruhe 

D-75 1 4  Eggenstein-Leopoldshalen  2 


CENTRES  DE  DIFFUSION  NATION AUX 
1SLANDE 

Director  of  Aviation 
c  o  Flugrad 
Reykjavik 


BELGIOUE 

Coordonnateur  AGARD-VSL 
Etat-Major  de  la  Force  Aerienne 
Ouartier  Reine  Elisabeth 
Rue  d'Evere.  1 1 40  Bruxelles 


ITALIC 

Aeronautica  Militaire 

Ufficio  del  Delegato  Nazionale  all'AGARD 
3  Piazzale  Adenauer 
00144  Roma  FUR 


CANADA 

Directeur  du  Service  des  Renseignements  Scientifiques 
Ministere  de  la  Defense  Nationale 
Ottawa.  Ont  irio  K I A  0K2 

DANEMARK 

Danish  Defence  Research  Board 
Ved  Idructsparken  4 
2 1 00  Copenhagen  O 

FSPAGNE 

1NTA  (ACiARD  Publications) 

Pintor  Rl  >ales  34 
2KIHW  Madrid 

FlAIS-l  MS 

National  Aeronautics  and  Space  Administration 
Fancies  Research  C  enter 
M  S  180 

Hampton.  Virginia  23665 
FRANCE 

()  N  E  R  A.  (Direction) 

29.  Avenue  de  la  Division  Leclerc 
92320. (  halillon  sous  Bugneux 

GRECE 

Hellenic  Air  Force 
Air  War  College 
Scientific  and  Technical  Eibrarx 
Dekelia  Aii  Foitc  Base 
Dekeliu.  Athens  TO  A  10  in 


LUXEMBOURG 
Voir  Belgique 

NORVEGI 

Norwegian  Defence  Research  Establishment 
Attn:  Bihlioteket 
P.O.  Box  25 
N-2007  Kjeller 

PAYS-BAS 

Netherlands  Delegation  to  AGARD 
National  Aerospace  Laboratorx  NLR 
Kluwerwee  1 
2629  HS  Delft 

PORTUGAL 

Portuguese  National  Coordinator  to  AGARD 
Gabincte  de  Estudos  e  Progn.mas 
CLAFA 

Base  de  Alfragide 
Alfragide 
2700  Amadora 

ROYAUMEUNI 

Defence  Research  Information  Ccntu 
Kcntigern  House 
65  Brown  Street 
Cilasgow  (i2  HEX 

TUROUIE 

Milli  Savunma  Ba^kanligi  (MSB) 

ARGE  Dane  Ba^kanligi  (ARCiF) 

Ankara 


l  F  CENTRE  NATIONAL  DE  DISTRIBUTION  DES  El  ATS- UN  IS  (NASA)  NE  DETIENT  PAS  DE  STOCKS 
|>|  S  PL  HI  K  A 1  IONS  ACiARD  1:1  EES  DEMANDES  D  EXEMPI  AIRES  DOIVLNT  El  RE  ADRESSEES  DIRECT!  Ml  \I 
AU  SERVICE  NATIONAL  TECHNIQUE  DE  [/INFORMATION  (NTIS)  DON  E  E  ADRE SSI  Sill 


National  technical  Information  Service 
(N  T  IS) 

5285  Port  Ro\al  Road 
Springfield.  V  irginia  22161 
EtatS'Unis 


AGENCES  PE  VI  Ml 
ESA  Information  Retrieval  Service 
European  Space  Agenc\ 

10.  rue  Mario  Nikis 
75015  P.ins 
France 


The  British  Eibrarv 
Document  SuppK  Division 
Boston  Spa.  Wetherbs 
W  est  Yorkshire  I.S23  7 BO 
Rovaume  Uni 


l.esdema  ides  de  microfiches  ou  de  photocopies  de  documents  AGARD(\  comprislesdemandeslaitesaupre.sdu  N  riS)doiventcomportei 
la  denomination  ACiARD.  am  si  que  le  numerode  seriede  l‘ ACiARD  (par  exemple  ACiARD-ACi-31  5)  Des  informations  analogues,  telles 
que  lc  litre  el  la  date  de  publication  sont  souhaitablcs.  Veuiller  noter  qu  il  v  a  lieu  do  specifier  AGARD- R-nnn et  A(  JARD-A  R-nnn  lors  de  la 
commandedc  rapports  ACiARDet  des  rapportseonsultatifs  AGARD rcspcctivemcnt.  IX*s references htbhographiques completes ainsi que 


des  resumes  des  publications  AUAKl>  ligurem  clans  les  journaux 

Scientifiquc  and  lechnical  Aerospace  Reports  (S  I  AR) 
public  par  h  NASA  Scientific  and  lechnical 
Information  Division 
NASA  Headquarters  (N  IT) 

Washington  PC  20546 
Flats- Unis 


Government  Reports  Announcements  and  Index  (GRAAT) 
public  par  k*  National  lechnical  Information  Service 
Springfield 
Virginia  22161 
f  tats-Unis 

(accessible  egalemcnt  cn  mode  mtcraetit  dans  la  base  de 
donnees  bibliographiques  cn  ligne  du  N US.  et  sur  (  P-ROM) 


I m  prime  par  Specialised  I'rumti#  Services  l  imned 
40('higwell  l, arte,  l.oughion,  /..we r  If  *10. IT/ 


